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CHAPTER 1. GENERAL INTRODUCTION. 
Introductioa 
Magnetism has long been a subject for the study by human beings since the discovery 
of the compass in ancient China. The nature of the studies was centered on the 
phenomenological aspects until the late 19"* century. With the great work of Maxwell and 
other prominent physicists, we have a complete understanding of the basic phenomena of 
electricity and magnetism. On the other hand, the understanding of magnetism in solid-
state materials is far from complete. At the atomic level, magnetism can be understood 
with quantum mechanical theory. Each fundamental entity of nature - electron, proton, 
neutron, etc. - has intrinsic spin and a magnetic moment, and those magnetic moments 
interact with each other. The ground-state configuration of electrons in a single atom or 
ion can be deduced from arguments using the Pauli exclusion principle and thus the net 
spin and magnetic moment can also be deduced. Thus every ion or atom in a solid-state 
material has a well-defined spin quantum number and a magnetic moment proportional to 
it. 
In condensed matter, one has to deal with a large number of interacting magnetic 
moments. Thus the theoretical treatment of the problem from first principles becomes 
very difficult. One approach, which has been very successful, is the utilization of 
magnetic Hamiltonians where some degrees of freedom of the system are nicorporated in 
phenomenological parameters. The statistical mechanics of these model Hamiltonians 
leads to a good understanding of the magnetic properties. For mesoscopic ^stems. 
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containing a small number of magnetic moments, one can try to obtain exact solutions of 
the model Hamiltom'an for the static and dynamical magnetic properties, and in some 
cases, one can even perform first principles calculations. By increasing the size of the 
mesoscopic system one can hope to reach the borderline between the microscopic and 
macroscopic regimes and leam more about the statistical laws on which macroscopic 
magnetism is based. In this sense, mesoscopic magnetism is a very interesting and 
challenging problem. The system is a many-body system but the limited number of spins 
allows for exact or quasi-exact theoretical solutions of the Hamiltonian of the system. 
Molecular nanomagnets are excellent model systems for the study of mesoscopic 
magnetism [1-4, 8-9]. Chemists have known these metal-organic molecules for a long 
time but the history of physicists' attention is very recent [5-7]. 
Physicists have studied dimers and trimers in the form of metal-organic compound 
well before. But one of the earliest researches on a metal-organic compound, which is not 
dimer and trimer. is the study on Cr4S. In this molecule, 4 Cr ions form tetrahedron with 
very weak crystal field anisotropy. The first molecular nanomagnet that drew great 
interest of the physics community is MnI2-acetate. It is composed of 12 Mn ions - the 
inner 4 form a tetrahedron and the outer 8 form a ring around it [6]. The interesting 
feature of this molecule is that, with the presence of a large intrinsic anisotropy barrier for 
reorientation of the magnetization, it shows evidence for macroscopic quantum tunneling 
of the magnetization (MQT) at low temperature [12]. Afler the first evidence of 
macroscopic quantum tunneling obtained by magnetization measurements [10, 11], there 
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has been a lot of experimental and tlieoretical work and one part of this dissertation is 
about MQT detection by NMR-
There is a variety of molecular nanomagnets differing in the number of magnetic 
ions, the strength of magnetic moment of each ion, the strength and sign of the magnetic 
interaction among magnetic ions, and topological structure of magnetic interactions 
among magnetic ions in the molecule. Among the known magnetic molecules, whose 
magnetic properties have been investigated, are Mnl2-acetate, FelO, Fe6, Fe8, Fe4, Cu6, 
Cu8, Cr4, Cr8, V6-I, V6-II, V30, V8, etc. Each molecule has its own interesting feature 
as will be discussed further on. These molecules can be found as a crystalline array in 
which a single molecular nanomagnet resides at each lattice site. In the crystal structure, 
the distances between the magnetic cores of each molecule is large due to organic ligand 
structures. The magnetic interaction among molecules is thus of dipolar nature and is 
very small compared to the intra-molecular strong exchange interactions [13]. The 
dominance of intra-molecular interactions let us observe single molecule magnetic 
properties even when macroscopic bulk properties are measured. Since each molecule 
consists of a finite number of magnetic ions, single molecule magnetic properties show 
the effect of finite size. 
The finite size of molecular nanomagnets allows one, in principle, to obtain the exact 
solution for the magnetic eigenstates and eigenvalues. However, such exact calculations 
become too long and complex when the number of spins increases. For a ring of magnetic 
moments (i.e Fe6, FelO, Cu8, Cu6, etc), up to now, the 8 spin-one-half ion ring is the 
biggest system which can be solved exactly. These difficulties can be overcome with, new 
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theories and the new theories can be tested with molecular nanomagnets as model 
systems. The understanding of the physics of molecular nanomagnets can open the door 
to many useful applications of molecular nanomagnets such as nonvolatile magnetic 
memories. 
Physical properties of moiecular nanomagnets 
In Fig.l, the structures of several different molecular nanomagnets are shown. Mnl2 
is composed of 12 Mn ions - the inner 4 make up an inner tetrahedron and the outer 8 
make a ring [6]. All the exchange interactions among the ions are ntiferromagnetic in 
nature. The ground state is determined by the relative strength of the exchange 
interactions and by the topological structure. The ground state turns out to be a high total 
spin state: S=10. Furthermore the molecule has a large easy axis magnetic anisotropy 
which makes the system attractive for investigations of superparamagnetism and quantum 
tuimeling of the magnetization. FelO is a molecule composed of 10 iron ions arranged in 
the form of a ring with nearest neighbor antiferromagnetic exchange interactions. Thus 
the ground state is a non-magnetic S=0 spin singlet [7]. Cu8 is composed of 8 
antiferromagnetically interacting copper ions arranged in the form of a ring [14] and Cu6 
is composed of 6 copper ions arranged also in the form of a ring but with a ferromagnetic 
exchange interaction [15]. 
As can be seen fix)m the figures, the inner clusters of magnetic ions are surrounded by 
a large niraifaer of organic ligands in molecules. The organic shell of the molecule is what 
obstructs the intermolecular magnetic interactions in a crystal of molecular nanomagnets. 
(C) 
Fig. I (a) Mal2-acetate Ml structure. Hydrogens are omitted (b) Simplified view. 
Magnetic ions only, (c) FelO. Left picture is top view. Riglit picture is side view. 
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(e) 
Fig.l (d) Cu8» Left picture is top view. Right picture is side view (e) Cu6, side view 
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The variety of magnetic properties of molecular nanomagnets is rooted in the 
diversity of the topological structure of exchange interactions among the magnetic ions, 
the size of the exchange interactions, individual ionic spin values, etc. 
Most of the physical properties of any physical system can be understood from the 
energy level diagram of the system. For usual bulk systems, the magnetic energy of the 
system 
can be understood in terms of an energy band diagram. But for the molecular 
nanomagnets, discrete energy levels describe the physics of the system, since what are 
observed are single molecule properties not the bulk properties. These energy levels can 
be found from a model Hamiltom'an for the system. For example, the model Hamiltonian 
for a Fe6 ring is given as; 
H = J(SfS2+ S2'S3+ S3-S4+ S4-Ss+ 85-86+ 86-8I) (1) 
The parameters and topological structure of the model Hamiltonian can be deduced 
from fitting several different experimental results (susceptibility, ESR, etc). Once the 
model Hamiltonian of the molecular nanomagnet is determined, the energy level diagram 
is also determined. In Fig. 2 energy level diagrams for FelO and MnI2 are shown. Only 
the ground state manifold or near ground state levels are shown for simplicity. As can be 
seen in the energy level diagram, each level has its own total spin value and magnetic 
quantum number. If the energy difference between levels corresponding to different total 
spin S (Fig. 2a) or corresponding to different sublevels Ms (Fig. 2b) is not too large, those 
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levels can cross each other as a function of an applied magnetic field depending on the 
magnetic quantum number of each level. In Fig. 2a, crossing of levels between the |S=l, 
m=-l> level and the 1S=0, m=0> level is shown. Near this level crossing, the eigenstates 
should be mixed together to describe the system and the physics associated with these 
mixture states has not been studied weii before because the effect of levei crossings is 
usually blurred by other effects in the usual bulk systems. 
If there are 3 spins in a molecule which are coupled antiferromagnetically, the energy 
level diagram shows degeneracy in the ground state. Because of this degeneracy, the 
ground state can not have definite orientation - a situation similar to spin fioistration. The 
spin frustration effect is thus an effect which can be studied with a molecular nanomagnet 
as a model system. 
The model Hamiltonian is described in terms of the exchange interaction J, spin 
values and topological structure of the interactions. In many cases, one has to take into 
account also the anisotropy due to the spin-orbit coupling, dipolar interactions and 
anisotropic exchange interactions [21]. In the presence of magnetic anisotropy of the 
molecule and/or the crystal, a spin has a prefered orientation in the reference fiame of the 
molecule and/or the crystal. Single ion anisotropy due to spin-orbit coupling can be 
incorporated in the model Hamiltonian as; 
H = Ho+Ziai(Srni)' (2) 
9 
mixture of \f^=±I 
S=L M.=0 
S=0 
0.90 
iMagnetic field 
(a) 
im 4> 
cs 
sd 
IMagnetic field 
(b) 
Fig. 2 (a) Energy level diagram of FelO in the superparamagnetic regime. Only S=0 and 
S=l levels are shown, (b) Ground state, S=10, ener^ level diagram of Mnl2 in arbitrary 
energy unit and arbitrary magnetic field unit. 
10 
where Ho is the Hamiltonian without anisotropy, nj is a unit vector along the preferred 
axis of the anisotropy and aj is a parameter which defines the strength of the anisotropy. 
In most cases, the introduction of single ion anisotropy in the model Hamiltonian 
modifies the energy level diagram [22]. 
At low temperature, below the blocking temperature where the spin moments start to 
freeze in a superparamagnetic molecular nanomagnet with single spin value for the whole 
molecule, one can also think about the molecular anisotropy of the system. In this case, 
the model Hamiltonian can be modified as; 
H = Ho + A(S-n)- (3) 
In this Hamiltom'an, Ho is the model Hamiltonian without anisotropy, A is the 
strength of the anisotropy which is related to the single ion anisotropy a; in Eq.2, n is the 
unit vector along anisotropy axis and S is total spin of the whole molecule. In Fig. 2a, an 
example of energy level modification by molecular anisotropy is shown. Since most of 
molecular nanomagnets show superparamagnetic behavior at low temperatures, the 
molecular anisotropy is important in describing the magnetic properties of molectilar 
nanomagnets at low temperatures. Typically molecular anisotropy lifts the ground state 
degeneracy. In MnI2, the ground state configuration is a high-spin state with S = 10 and 
the ground state degeneracy is lifted by molecular anisotropy. The ground state energr 
level diagram of MnI2 is shown in Fig. 2b. By considering forbidden transitions among 
the magnetic levels and from the energy level diagram of the NDiI2 groimd state, one can 
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easily find that the ground state energy levels of Mnl2 show a double-well-like structure. 
The double well structure of the energy levels of the ground state configuration makes the 
molecule a test system for a macroscopic quantum tunneling of magnetism. In chapter 7, 
the detection of the macroscopic quantum turmeling of the magnetization with a novel 
NMR technique is described. 
NMR as a local probe for the study of static and dynamic physical properties of 
molecular nanomagnets. 
NMR is a very versatile tool for the study of solid state physics. It is a particularly 
useful tool for the study of static and dynamic properties of the molecular nanomagnets. 
The nuclei act as local probes of static and dynamic magnetic properties because the 
spectroscopy of the nuclear Zeeman levels is influenced by the hyperfine interactions 
with the electronic moments and by the dme fluctuations of such interactions. For details 
on NMR spectroscopy, references are given at the end of this chapter [16-20]. Hereafter, 
some aspects of NMR which are most relevant in the NMR studies of molecular 
nanomagnets will be described. 
The magnedc field at the sites of nuclei can be decomposed into two components; 
external field and internal field due to the environment The external field is the known 
applied field. The internal field is due to hyperfine interactions with the electronic 
magnetic moments of the molecule. This internal field can have fluctuations in. time and 
can change firom site to site. If we choose the z axis to be along the external magnetic 
field, the z component of the time averaged internal field at the nuclear sites produces a 
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shift of the NMR line from the Larmor frequency - CON = YNH. If the Z component of the 
time averaged internal field has a distribution which can be described by the function 
h(Hinteniai) and the distribution has a width of F and mean value of Hmean. then the NMR 
spectrum will be centered at YNCHextemai +Hmcan) with the width YNF. In the equation, YN is 
the nuclear gyromagnetic ratio. We call "YNF' the width of the NMR spectrum and 
"YNHmean" the shifl of the NMR spectrum. The important fact is that the NMR spectrum is 
directly related to the distribution of local field at the nuclear sites. 
If the NMR spectrum gives information about the static or time averaged local field, 
the two fundamental parameters in the pulsed NMR experiments, Ti and T2, give 
information about the time fluctuation of the local field that is related to the dynamics of 
the system. The spin-lattice relaxation rate, Tf'. is the rate of energy transfer from the 
nuclear Zeeman reservoir to the "lattice" when the nuclear system is going back to 
thermal equilibrium after having been perturbed. In a pulsed NMR experiment, a short 
burst of radio frequency (RF) is applied to the nuclei of the sample. The energy of the RF 
pulse is first absorbed by the nuclear system of the sample and then slowly released to the 
environment of the nuclei. Thus the relaxation rate is dependent upon the coupling 
between the nuclear Zeeman reservoir and the envirormient which in our case is the 
electronic Zeeman reservoir of the moments of the molecular nanomagnets. The coupling 
can be expressed in terms of a power spectrum or spectral density of local field 
fluctuation at the nuclear site. Since the spectral density or power spectrum is the Fourier 
transform of the autocorrelation fimction of the local field fluctuations (Wiener-
Khimtchine theorem [23]), the spin-lattice relaxation rate can be expressed as 
13 
l /T, = ( Y N )/2j<h±(t)h±(0)>e-'"'% (4) 
This is the general definition of the spin-lattice relaxation rate of the pulsed NMR 
experiments. (A more rigorous explanation of the detinition of the spin-lattice relaxation 
can be found in Ref 16, 17.) <hi(t)h+(0)> is the autocorrelation function of the transverse 
local field fluctuation and YN is the nuclear gyromagnetic ratio. It is noted that only the 
transverse component of the local field fluctuation is included here. The fluctuation of the 
local field along the z axis does not induce transitions among the nuclear Zeeman levels 
and there can not be any energy transfer firom the nuclear Zeeman reservoir to the 
environment The spin-lattice relaxation rate (NSLR) can be measured by supplying some 
ener^ to the nuclear system and then by monitoring the magnetization of the nuclear 
system as a flmction of time. 
In the usual pulsed NMR measurements Tt is determined by measuring the nuclear 
magnetization component along the z axis as a function of the delay between the 6rst 
saturating jr/2 pulse (a pulse which has time duration of ITUI = (7r/2)/(YNHi) where Ht is the 
field generated by the NMR coil) and a second reading pulse or echo sequence. This 
process is depicted in Fig. 3 in detail. If the first RF pulse is a Td2 pulse, then the 
measurement technique is called saturation recovery and if a jc pulse is used instead, then 
it is called inversion recovery. The inversion recovery technique is more advantageous 
than saturation recovery because a bigger dynamic range and thus can be used for the 
small-signals, but each sequence should be separated by longer than the Ti, so a longer 
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measurement time is needed. Saturation recovery does not need long delays between 
sequences, so faster measurements are possible. 
Before going into tiie discussion of Ti, it can be very usefiil to understand how the 
spin echo is formed in pulse NMR experiments. When a sample is in a magnetic field for 
a long time then the sample should be in an equilibrium state in that Qeld. Thus there is a 
net nuclear magnetization aligned along the extemal magnetic field. If a 7t/2 pulse is 
applied, then, just after the pulse, the nuclear magnetization lies in the x-y plane of the 
rotating frame which is rotating at the angular speed YNH. After that the spins pan out on 
the x-y plane because of the difference of the local field at different nuclear sites. This 
dephasing process reduces the net component of the nuclear magnetization in the x-y 
plane. Since the experiment detects the x-y component of the magnetization, the signal, 
called Free Induction Decay (FID), decays in time to zero. The characteristic decay time 
of the no signal is called Ti* and has a direct relationship with the width of the NMR 
spectrum when the spectrum is narrow enough. Actually one can get the NMR spectrum 
by doing a Fourier transform of the FID signal when the spectnmi is narrower than the 
irradiation width of the pulse (~(l/4)*(pulse length)*'). When the FID signal is 
completely decayed, if the sample is irradiated with a it pulse, then the dephased spins 
refocus again along a certain axis on the x-y plane. During this refocusing period and the 
following dephasing period, the magnitude of the net nuclear magnetization generates a 
signal equal to a pair of back-to-back FID signals called the spin echo. This spin echo 
technique was developed to see the signal in the case when, due to the short Ti*, the 
important part of the FID is hidden in the RF pulse or the following deadtrme of the 
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Fig.3 t?=0 is the moment just after rdl pulse or k pulse, (a) Saturation recovery method for 
Tt measuremenL (b) Inversion recovery method forTt measurement. 
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NMR receiver. This spin echo technique is very important in the development of a novel 
method to detect magnetization relaxation in MnI2 in the quantum tunneling regime in 
Chapter 7. 
The spin-spin relaxation rate, Ti"', is the rate of irreversible decay of the transverse 
nuclear magnetization. The spin-spin relaxation lime Fi can be measured by measuring 
collecting spin echo amplimde as a function of delay between the Td2 pulse and the n 
pulse. Just after the a ic/2 pulse, all the nuclear spins irradiated by the idl pulse are 
located on the x-y plane of the rotating frame and with certain a relative phase among 
them. During the spin echo sequence, some nuclear spins get out of the coherently phased 
nuclear spin group which contributes to spin-echo formation and eventually causes the 
transverse nuclear magnetization to decay. There are several causes of the decay of the 
transverse nuclear magnetization. Spin-lattice relaxation can contribute to the decay of 
the transverse nuclear magnetization since spin-lattice relaxation takes spins from the x-y 
plane to along the z-axis. Also, if there is a spin-spin interaction and the interaction 
makes both the spins move out of the x-y plane — one up and the other down, then the 
spin-spin interaction also contributes in the decay of the transverse nuclear 
magnetization. If some spins experience a change of local field during the time t between 
the two RP pulses or between the second n. pulse and the echo, then those spins will not 
refocus into an echo, yielding a shorter effective Ti value. 
NQR is very similar to NMR in the sense that it is a resonance spectroscopy. But the 
interaction is not between the nuclear magnetic moment and local field due to hyperfine 
interaction with, the electronic moments but between the quadrupole moments of the 
17 
nuclei and the electric field gradient at that nuclear site [16,17]. Because of the nature of 
the quadrupoiar interaction, NQR can be perfonned in zero magnetic field. The 
quadrupolar interaction is important in the study of molecular nanomagnets since the 
structures of the molecular nanomagnets usually lack cubic symmetry. Thus nuclei can be 
located at sites with non-zero electric field gradient. The static quadrupolar interaction 
also modifies the NMR spectrum. The temporal fluctuations of the electric field gradient 
can affect the spin-lattice relaxation rates and spin-spin relaxation rates. 
Dissertatioa organuatioa 
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CHAPTER 2. PROTON NMR AND |iSR AND MAGNETIC 
SUSCEPTIBILITY IN MNuO 12-ACETATE: A 
MESOSCOPIC MAGNETIC MOLECULAR CLUSTER 
A paper published in Physical Review B 57,514 (1998) 
A. Lasciaifari, D. Gatteschi, F. Borsa, A. Shastri, Z.H. Jang, and P. Carretta 
Abstract 
The spin dynamics of Mn spins in the dodecanuclear manganese cluster of formula 
[Mni20i2(CH3C00)t6(H20)4l 2CH3-C00H 4H20 has been investigated by 'H NMR and 
muon spin-lattice relaxation rate 1/Ti as a fimction of temperature (10-400K) and of 
extemal magnetic field (0-9.4 Tesla). At room temperature, the proton lA*! depends on 
the measuring frequency. The results can be interpreted in terms of a slow decay of the 
Mn electronic spin autocorrelation flmction, a feature characteristic of the almost zero 
dimensionality of the system. As the temperature is lowered, 1/Ti displays a critical 
enhancement which can be related to the slowing down of the local spin fluctuations as 
the cluster approaches the condensation into the total spin S=10 ground state 
configuration. It is found that the application of an extemal magnetic field greatly 
depresses the enhancement of 1/Tt an effect that could be related to the 
superparamagnetic behavior of the Mnl2 molecule. 
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Introduction 
The recent successes in synthesizing solid lattices of weakly coupled molecular 
building blocks containing strongly interacting spins has opened up the possibility of 
studying experimentally magnetism at the mesoscopic scale [1]. Each building block in 
the solid is an identical magnetic cluster and since the magnetic properties are dominated 
by the intramolecular interactions one has access to the study of the mesoscopic 
properties even by using techniques which require bulk macroscopic quantities of 
material. The magnetism of molecular size clusters are of great interest, first, because of 
the possibility of their providing new useful applications, and second, because of the very 
basic questions which they pose concerning magnetic properties of ultra-small complexes 
[2]-
Molecular clusters containing 6 and 10 Iron (III) spins (S=5/2) in an ahnost coplanar 
ring configuration have been recently investigated by magnetic susceptibility [3,41 and 
proton NMR [51. These rings show interesting magnetic and spin dynamical properties 
associated with the non-magneric singlet ground state. On the other hand the transition-
metal acetate complex containing 12 Mn ions, Mnl2 , forms a magnetic cluster with a 
high total spin (S=10) ground state configuration [61. The high-spin state, combined with 
a large easy-axis anisotropy, leads to superparamagnetic behavior at low temperature 
[7,81 with very slow relaxation of the magnetization which was recently explained in 
terms of macroscopic quantum timneling effects [9]. 
The crystal structure of MnI2 acetate, the Mn valence and the exchange interactions 
have been established [6]: the molecular cluster is made up of four tetrahedrally 
23 
coordinated MnCFvO ions with S=3/2 at the center and eight Mn(III) ions with S=2 on the 
outside. The low temperature magnetic properties were explained by assuming four 
different antiferromagnetic exchange-coupling constants J. The ground state 
configuration is determined by the relative strength of the J constants whereby spin 
frustration plays an important role in determining the low temperature spin configuration 
with the four irmer Mn(IV) parallel to each other, the outer eight MnCIII) also parallel and 
the two groups antiparallel to each other for a total spin value S=10. The orbital angular 
momentimi is quenched by the crystal field. However, off-diagonal elements of the spin-
orbit interaction generate an effective single ton anisotropy of the Ising type with the 
tetragonal axis of the crystal as the easy axis [lO]. The interactions between the spins of 
different molecular groups in the crystal are of dipolar nature and thus negligible, as 
indicated by the very small paramagnetic Curie temperature (50120 mK [I I]). With this 
much known about the molecular cluster one can now model the system and compare 
experimental results both on the dynamic and the static properties over a wide 
temperature and magnetic field range with analytical and/or numerical calculations. 
The spin dynamics of the cluster is investigated here by measurements of nuclear 
spin-lattice relaxation rate, Ti*', of both the protons (NMR) and of the muons (|iSR) as a 
fimction of temperature (4.2-400 K) and of applied magnetic field (0-9.1 Tesla). In both 
cases the relaxation rate is determined by the fluctuation spectrum of the local field at the 
nuclear (muon) site generated by the hyperfine interaction with the localized Mn 
magnetic moments. The static properties are established by the magnetization 
measurements as a fimction of temperature for different applied magnetic fields. 
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Experimental Results 
The measurements were performed on a polycrystalline sample of the dodecanuclear 
manganese cluster of formula [Mni20i2(CH3C00)i6(H20)4l2CH3-C00H"4H20 which 
has overall Did symmetry [6]. The manganese (III) ions define an external octagon, 
whereas the manganese (iV) ions correspond to an internal tetrahedron. In the crystal 
lattice all the molecules have the S4 symmetry axis parallel to the crystallographic c-axis 
and the shortest inter-cluster contacts between metal ions are larger than 7A. As 
previously mentioned^ we can consider the ground state as having all the manganese (III) 
spins of a cluster up and the manganese (IV) spins down, resulting in a total spin S=10. 
Measurements of DC magnetic susceptibility were performed at O.IT by using a 
Metronique Ingegnerie SQUID susceptometer operating in the range 3-280K. In the 
applied magnetic fields, with lowering temperature the powders tend to reorient 
themselves thus giving susceptibility data not corresponding to a random powder 
distribution [6]. Furthermore at low temperature a saturation effect in the susceptibility 
values is present. This circumstance explains the difference between our present DC 
susceptibility data at O.l Tesla and previously published data (a.c measurements in zero 
field and DC measurements at I Tesla [6]). The results are shown in Fig. I. 
'H pulsed NMR experiments were performed with three different kind of pulse 
Fourier transform (FT) spectrometers at the University of Florence, at Iowa State 
University and at the University of Pavia. The powders were pressed in order to avoid the 
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Fig.l d.c magnetic susceptibility in Mnl2 plotted as a fimction of temperature for a 
magnetic field of 0.1 Tesla. In the inset the effective Curie constant x T is plotted vs. T 
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(re)orientation of the grains. The 7t/2 pulse length was between Ijis and I0|is depending 
on the type of spectrometer and on the operating frequency. In most cases the 
radiofrequency field. Hi, was sufficiently strong to irradiate the whole NMR line. The 
exceptions were at the maximum field (9.IT) and at low temperatures (T < 40K). 
Whenever the whole line could be irradiated with one radio frequency pulse the NMR 
spectra were obtained with identical results either from the FT of the free precession 
decay (FID) or from the FT of the half-echo signal. The broad spectrum at low 
temperature was obtained by plotting the echo intensity at different values of the 
irradiation frequency. The spin-lattice relaxation rates were measured with the inversion 
recovery method at T>130 K. and with the saturation recovery pulse sequence at low 
temperatures. Deviations from an exponential recovery of the nuclear magnetization were 
observed only in the high field (H > 2T) and low temperature (T < 100 BC) measurements 
when the NMR spectrum becomes broader than about 200 BCHz (see Fig.2 a). 
Since there are 56 protons in each molecular cluster with many different hyperfine 
couplings to the Mn magnetic moments the NMR powder spectrum is inhomogeneously 
broadened by the distribution of paramagnetic shifts. Thus its width increases with 
increasing magnetic field and its shape shows some asymmetry. Also one expects a 
multiplicity of relaxation rates. However, the spin-spin relaxation time Tz is very fast (20-
40 |is) and thus in most of the measurements a common spin temperature is achieved by 
the nuclei during the recovery, yielding an exponential fimction with a time constant 
representing the average relaxation rate. When the recovery was non exponential we 
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Fig.2 - (a) Semilog plot of the recovery of the nuclear magnetization as a fimction of the 
time interval between the saturation pulse sequence and the signal. The curves shown 
refer to proton NMR in MnI2 at resonance frequency of 87MHz for three different 
temperatures: (A.) T=300K ; (•) T=43K ; (•) T=4^K. The straight lines represent the 
slope of the tangent at the origin which defines the measured average Tf' (see text), (b) 
Semilog plot of the decay of the muon polarization in longimdinal field (H=1040G) for 
three different temperatures in Mnl2: (•) T=60K; (•) T=40K; (A) T=I4K. The solid 
lines show the best fit according to a stretched exponential behavior (see text). 
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measured the initial slope of the recovery curve which is approximately equal to the 
tangent at the origin of time. The procedure is illustrated in Fig.2a. The parameter 
obtained from the initial recovery measures an average relaxation rate. In conclusion, the 
measured parameter, Ti'', represents in all cases the weighted average of the relaxation 
rates of the non-equivalent protons in the cluster. Details of this analysis can be found in 
Ref. [5]. 
The dependence of the nuclear spin-lattice relaxation rate on the external magnetic 
field at room temperature is shown in Fig. 3. The enhancement of Tf' at low fields is 
similar to what is observed in one-dimensional paramagnetic chains [12,13] and is quite 
in contrast with the field independence normally observed in 3D insulating paramagnets 
well above the ordering temperature [14]. 
The temperature dependence of Ti"' at different values of the applied magnetic field 
is shown in Fig.4. On lowering the temperature the relaxation rate increases dramatically 
and, except for the high-field data, the signal becomes unobservable (the spin-spin 
relaxation time Ti, not shown in Fig.4, becomes also very short). At very low 
temperatures, Ti and Ti resume values sufficiently long to allow for the measurements to 
be performed. However, it is noted that below 30 K the NMR spectrum becomes very 
broad (of the order of IMhz in 4.6 Tesla field) and thus the Tf' parameter is affected by a 
experimental uncertainty due to the difficulty in defining an unique TI parameters fix>m 
the recovery of the nuclear magnetization [5]. ^^SR measurements were performed at 
ISIS pulsed muon facility (Rutherford Appleton Laboratory) on MUSR beam line. The 
measurements were carried out either in zero field 
29 
H (Tesia) 
Fig J 'H Quclear spin-lattice relaxation rate as a fimction of external magnetic field at 
room temperattire in Mnl2. The line corresponds to the fit according to Eq.6 
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Fig.4 - 'H QucIear spin-lattice relaxatioii rate in Mnl2 vs. temperature: (•) 14.1 MHz 
(0)31 MHz; (X) 87 MHz; (T) 200 MHz 
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(ZF) or in a longitudinal field (LF) H=1040G using a statistics of about 15 million events. 
In tiie LF experiments the decay of the muoa polarization was characterized by a 
stretched exponential behavior A(t)=A(exp(-(A.t)'^) with an initial asymmetry around 
A=0.22 plus a constant background A=0.02 associated with muons stopping in the 
sample holder (see Fig.2b)). Ihe stretched exponential behavior indicates a distribution 
of muon sites and the exponent P is observed to decrease from 0.75 to 0.6 in the 
temperature range 20K<T<100BC, while a faster decrease is observed below 20K. In ZF, 
the decay is also characterized by a Gaussian component originating from the dipolar 
interaction of the muons with the surrounding nuclei. The component is quenched in the 
LF of 1040 G. 
The temperature dependence of A. in zero field and in presence of an applied magnetic 
field is shown in Fig. 5. A magnetic field of 1040 G corresponds for muons (y = 135.5 
MHz/Tesla ) to a nuclear Larmor resonance frequency of 14.1 MHz .In the inset of Fig.5 
we compare the muon relaxation rate with the proton relaxation rate for the same 
measuring frequency. Apart from a reseating factor due to the different hyperfine 
coupling of the two probes, the two sets of data overlap over a wide temperature region. 
This is a strong indication that in both cases the relaxation rate is driven by the Mn spin 
dynamics and that the details of the hyperfine coupling of the different protons to the Mn 
spins is not important in determining the overall temperature dependence of the spin 
dynamics. 
1000 
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Fig^ - Muott longitudinal relaxation rate in Mnl2 plotted as a function of temperature: 
(O) zero field ; (•) 0.1 Tesia. In the inset we compare the relaxation rate of the protons 
(X) with the one of the muons (•). The data for the protons are at 14.1 MHz which 
corresponds to the Larmor frequency of the muons m the external field of 0.1 TesIa. By 
rescaling one set of data the two sets overlap in a wide temperature region. 
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Discussion 
The general expression for the spin-lattice relaxation rate due to the coupling of the 
protons to the fluctuating Mn spins is [13,14]: 
1/Ti= (hy„ycr/(47tg"tiB") - ksT • [ 1/4 Z, A-(q) x'(q) fq^CcOe) + 
5:qA^(q)-/(q)f<,'(cOn)l (D 
where yn and ye are the gyromagnetic ratios of the nucleus and of the free electron 
respectively, g is the Lande' factor, jia is the Bohr magneton, Icb is the Boltzman 
constant. 
The coefficients A"(q) and A'(q) are the Fourier transforms of the spherical 
components of the product of two dipole-interaction tensors [13] describing the hyperfine 
coupling of a given proton to the Mn magnetic moments whereby the symbols ± and z 
refer to the components of the Mn spins transverse and longitudinal with respect to the 
quantization direction which is here the external magnetic field . In order to obtain Eq.I 
the collective q-dependent spin correlation function of the Mn, i.e <S(q,t)S(q,0)>, is 
written as the product of the static response function times a normalized relaxation 
ftmction (t). 
A. Magnetic field dependence of the nuclear relaxation at room temperature 
The theoretical evaluation of the relaxation rate from Eq.I requires three steps. First 
one must compute the geometrical coefficients A"^ (q) . This can be done in principle 
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assuming a purely dipolar interaction between the nuclei and the Mn moments and from 
the knowledge of the intramolecular distances and angles. In practice the result will not 
be very sensitive to details of the molecular structure since one has to take averages over 
many proton sites and over an isotropic distribution of orientations of the molecule with 
respect to the external applied field [13]. The second step is to solve for the 
thermodynamic equilibrium properties of the MnI2 cluster, i.e, to obtain an expression 
for the wave-vector-dependent susceptibility x(ci»T)- Exact analytical results have been 
derived for the one-dimensional classical Heisenberg model both for free [15] and for 
cyclic boundary conditions [16] and have been applied to explain the uniform magnetic 
susceptibility of simple coplanar rings of Iron (111) ions [17]. On the other hand the Mnl2 
cluster has a complicated structure with four different antiferromagnetic nearest neighbor 
coupling constants leading to spin frustration and no exact solutions are yet available 
even for the classical Heisenberg approximation. The third and most difficult step is the 
evaluation of the spin dynamics which requires the calculation of the decay in time of the 
spin correlation function. An approximate expression for the autocorrelation fimction can 
obtained for an infinite Heisenberg classical chain at high temperature by matching the 
short time expansion to the long tune diffusive behavior due to the conservation of the 
total spin operator [12]. For temperatures T » J/k the conservation property can be 
incorporated for spins on a ring by means of a discretized diffusion equation to which 
cyclic boundary conditions are applied- For this model it is found [18] that the CP decays 
rapidly at short times until it reaches a constant value which depends on the number of 
35 
spins in the cluster. The plateau in the CF is reached after a time of the order of IO.COD*' 
where ©D is the exchange frequency given, at the simplest level of approximation, by: 
COD = Dao"^ = ( 27rJ/h) [S(S+l)]"^ (2) 
with J, the exchange constant between nearest neighbor spins S. A qualitatively similar 
result is obtained for the CF by using a one dimensional hopping model on a closed loop 
[19]. The leveling off of the time dependence of the CF at a value l/N with N the 
number of spins in the cluster is the result of the conservation of the total spin component 
for an isotropic spin-spin interaction. In practice the anisotropic terms in the spin 
Hamiltonian will produce a decay of the CF via energy exchange with the "lattice". A 
sketch of the time decay of the CF and of the corresponding spectral density is shown in 
Fig.6. The decay at long time of the CF has a cut-off at a time PA"' due to the anisotropic 
terms in the spin Hamiltonian [20]. In the following we will discuss the magnetic field 
dependence of the nuclear relaxation rate at room temperature in terms of a simplified 
model which incorporates the theoretical understanding of the spin dynamics in clusters 
as described above. 
From the investigation of the magnetochemical properties of Mnl2 it was concluded 
[6] that the Mn spins in the cluster are coupled by four different antiferromagnedc 
nearest-neighbor exchange parameters, whereby only the one which couples four Mn 
spins of the outer shell to the four spins of the inner shell is larger than room temperature 
i.e J/k > 300K- Thus we expect that most of the correlation effects leading to the high 
36 
1.0 
1.0 
0.8-
0.8-
0.61 
Li. 0-4 • 
0.6-
0.2-
0.0 
(0/(0 0.4-
0.2-
0.0 
30 10 20 25 0 5 15 
Fig.6 - Sketcii of the decay in time of the autocorreiation function of the Mn spin. The 
initial decay is characterized by the constant FQ"' while the slow decay at long time is 
characterized by the constant FA"' (see text). The inset shows the corresponding Fourier 
transform or spectral density flmction. 
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spin, ground state S=10 will develop below room temperature and we assume in the 
following a high- temperature approximation to analyze the magnetic-field dependence of 
the relaxation rate at room temperature. We neglect in Eq.l the q-dependence of the 
generalized susceptibility x"(l) and of the spectral density function fq^Cco). We assume an 
isotropic response function (1/2) x"(q) = ~ we take a q-independent 
average value for the dipolar hyperfine interaction of the protons with the local moment 
of the Mn spins: A~(q) = A"^; A^(q) = A^ in units of cm"^. Then Eq.l reduces in this 
high temperature limit to: 
where O^Coj) = Iq fq"(a)) are the Fourier transforms of the auto-correlation fimctions (CF) 
of the transverse ( a=±) and longitudinal ( a=z) components, respectively, of the local 
Mn spin, and a)„ and coe are the Larmor frequencies of the proton and of the fi«e electron, 
respectively. Furthermore, on the basis of the time dependence of the CF discussed above 
and sketched in Fig. 6, we model the spectral function in Eq. 3 as the sirai of two 
components: 
1/Ti= (hY„ye)"/(47tg-jaB") ks T x(q=0) [(l/2)A-cD''(c0c )+A^O^(a)„)] (3) 
(D'^C©) =0^(co)= <D'(q>) + rA/((D"-i-Pa") (4) 
where we assume the same CF for the decay of the transverse (±) and longitudinal (z) 
components of the Mn spins. The first term in Eq. 4 represents the Fourier transform (FT) 
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of the initial fast decay of the CF while the second term represents the FT of the decay at 
long time of the CF due to anisotropic terms in the spin Hamiltonian and we model this 
second part with a Lorenzian flmction of width FA . 
From Eq. 2 one can estimate a diffusion frequency ©• « 10^"* Hz for J/k=200K and 
S=2 or S=3/2. The spectral fimction <I>'(a)) reaches a plateau and becomes ahnost 
frequency independent for co < COD/10 [18,19] (see also Fig. 6). For the magnetic field 
strength used in the experiment (see Fig. 2) both (ON and COE ARE smaller than COQ/IO. Thus 
we will assume O'(Q)n) = O'(coe) = Fd"' in Eq. 3 where the characteristic frequency FD is 
of the same order of magnitude as coo/lO. Finally, by assuming C0n« FA in Eq. 4, Eq. 3 
can be rewritten as: 
The experimental data in Fig. 3 were fitted by using an expression of the form of Eq. 5. 
The result is; 
l/Ti = (hY„yc)- /(47tg-tiB-) • kBTx(q=0) [1/Z4= ( rA/(cOe' + FA') + 
+(L/2).(/T^/RD)+ .4^ (I/FD + I/TA)] (5) 
l/Ti = 0.57/(0.36 + H-) + 0.55(sec') (6) 
where the magnetic field H is expressed in Tesla. 
The width FA of the narrow component in the spectral function represents the 
frequency that characterizes the exponential time decay of the spin CF in the cluster due 
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to anisotropic terms in the spin Hamiltonian. By comparing Eq. 5 with the nimierical fit 
(Eq. 6) with (hynYc)~/(47t)=1.94 lO"^~ (sec'~cm^ and assuming kBTx(q=0)/g"{aB^ = I one 
has FA/Yc = 0-6 Tesla, corresponding to FA = 10" sec*' or hTA/ke = 0.8 K . This value 
is consistent with the single ion anisotropy in the Mnl2 cluster deduced from the low 
temperature magnetic properties i.e. D = 0.75 K. [6]. Also one deduces A~ = 1.5 10"*^ cm"^. 
Since A" is the product of two dipolar interaction tensor components it is of the order of r' 
^ where r is the distance between a 'H nucleus and a Mn local moment. The value 
obtained from the fit corresponds to r = 2 A which, although shorter than expected for the 
average proton-manganese distance [21], can be considered acceptable given the 
simplicity of the model used. Also, by comparing Eq. 5 with the numerical fit (Eq. 6) and 
using FD = lO'^ sec*' one obtains A^ = 3.35 -10 cm"^ = 0.22 A^ 
B. Temperature dependence of the nuclear relaxation rate 
As seen in Fig.4, the relaxation rate is characterized by a weak temperature 
dependence in the interval 100-300K and by a rapid increase of the relaxation rate as T 
decreases below lOOK followed by a maximum which depends on the applied magnetic 
field. It is noted that the enhancement of I/Ti starting below lOOK, appears to be 
correlated with the increase of the effective Curie constant Ceff = xT- as shown in Fig.l. 
The effective Curie constant in Fig.l increases by a factor of almost 2 as T decreases 
from lOOtC to 20K. If Ceff is assumed to be proportional to the square of the effective 
magnetic moment of the Mnl2 moleoile thea one finds that at high temperature, where 
the Mn spins can be assumed to be uncorrelated, Ceff« 8si(si+l)+4s2(s2+l)=63 where we 
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take si=2 for the 8 outer Mn spins and $2=3/2 for the 4 inner Mn spins [6]. At low 
temperature, where the cluster is in its ground state with total spin S=10, one expects Cetr 
oc S(S+I)=110 which corresponds indeed to an increase by a factor of 2. Thus the critical 
enhancement of the relaxation rate at low temperature should be related to the increase of 
the correlation among Mn moments with the consequent slowing down of the 
fluctuations. 
A theoretical description of the relaxation rate will start from Eq.l and it requires the 
calculation of the static q-dependent response fimction xCq) and of the spectral density 
function ftq,oj). This calculation is underway [18] by using a semi-classical treatment of 
the interacting Mn moments. The results should describe the spin dynamics as the system 
approaches the temperature of condensation into the S=10 ground state in a way similar 
to the approach to the magnetic transition temperature for a thermodjmamic system. 
In view of the experimental character of the present investigation we limit ourselves 
to give a qualitative interpretation of the Ti'* results in terms of a phenomenological 
description of the critical slowing down of the fluctuations whereby one expects that Ti'' 
should diverge at low temperature with some power-law dependence of the type Ti"' QC 
(T-TN)*", where, for a one-dimensional system with no long-range order, TN=0 [13]. By 
maintaining the same approximations which led to Eq.5 we show in the following that we 
can incorporate the critical temperature dependence of the parameters in Eq.5 in a 
phenomenological way which leads to a semiquantitative explanation of the experimental 
data. Since the parameter FA represents the frequency of exchange of energy of the Mn 
spins with the lattice due to the single-ion anisotropy in the spin Hamiltonian, it should 
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not depend on the intracluster spin correlations and it will thus be assumed to be 
temperature independenL On the other hand the parameter FD which describes the decay 
of the CF due to the nearest neighbor exchange coupling J between Mn spins, should 
decrease as the intracluster spin correlations increase. We assume Fp « T " in analogy 
with what is found in the one dimensional antiferromagnetic Mn chain TMMC [13J. 
Finally we incorporate the temperature dependence of the uniform spin susceptibility by 
using the experimental results in Fig. I. Therefore the expression for the relaxation rate 
becomes: 
1 /T, = ( I /T,o(H) + 2.1x10" / FD(T) ) X(T)/x(200K) (msec') (7) 
where l/Tto(H) is the field dependent room temperature value given by Eq. 6. Note that 
we set x(T)/x(200K.) = 1 for T > 200K. and that the term containing FD(T) is negligible at 
room temperature. Furthermore we used the same values of the parameters as determined 
from the field dependence of 1/Tt namely (h"YnYe)"/(l/2xA~+A^ = 2.1xl0"(sec*^). In 
Fig.7 we show the comparison of the experimental data with the curves obtained from 
Eq.7 with FD(T) = 1.5X10®XT^ and for two values of the external magnetic field. The 
general behavior of the data at low magnetic field appears to be well represented for a 
choice of the critical exponent n=3 for the temperature dependence of FQCT). Also the 
value of rD(300K) = 4 x 10 (rad - sec') is consistent with the discussion in the 
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Fig.7 - Plot of the protoa relaxation rate in MnI2 for the highest frequency 200MHz (T), 
and for the lowest frequency 14.1 MHz (•). The experimental points are the same as in 
Fig.4. The fiiU curve and the dashed one are the theoretical curves according to Eq.7 in 
the text for high frequency and for low frequency, respectively. 
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previous paragraph about the decay of the CF at room temperature. At high magnetic 
field one observes a maximum in 1/Ti followed by a decrease at low temperature which 
cannot yet be interpreted. One possibility is that the magnetic field has the effect of 
quenching the spin fluctuations. The other explanation is that the characteristic firequency 
FQ of the fluctuations reaches the range of either the nuclear or electronic Larmor 
firequency at the temperature of the maximum. In this second case it is of interest to 
compare the characteristic frequency of the fluctuations as obtained firom NMR and (iSR 
with the ones obtained firom the relaxation of the macroscopic magnetization. From a.c 
susceptibility measurements in MnI2 it was found [7] that the molecules show 
superparamagnetic behavior in the temperature range 2K-30K with a relaxation time of 
the macroscopic magnetization given by an Arrhenius law t = to exp(AE/kT) with TQ 
=2.6.10*^ sec and AE/k=64K.. On the other hand from the maximum of Ti*' in Fig.4 at 
T^60K and COL=27C 200MHZ one has "CNMR^l/TOL = 810"'° sec and firom the maximum of X 
in Fig.5 at T«12 K and co^ =l4MHz one has = 1/ co^ = l.l lO"* sec. Both these values 
are two orders of magnitude faster than the corresponding relaxation time extrapolated 
from the above Arrhenius law for the macroscopic magnetization. Thus it appears that in 
order to find an explanation for the maximum of the relaxation rate, systematic 
measurements at different magnetic fields using different probes such as deuterium nuclei 
and muons have to be performed and a theoretical understanding of the effects of the 
magnetic field on the spin excitations in the S = 10 ground state has to be achieved. 
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CHAPTER 3 COMPARISON OF THE SPIN DYNAMICS 
IN DIFFERENT TYPES OF 
MOLECULAR MAGNETIC RINGS 
FROM ^H NMR 
A paper published in the Journal of Appliea Physics 83,6946 (1998) 
A. Lascialfari, Z. H. Jang, F. Borsa, D. Gatteschi, A. Comia 
Abstract 
Proton spin-lattice relaxation (NSLR) measurements have been performed in two 
molecular Copper magnetic rings containing 6 and 8 spins (S=I/2) respectively in an 
almost coplanar arrangement in order to probe the spin dynamics of the spins in the ring. 
The NSLR results obtained in the Cu6 and Cu8 rings as a function of temperature and of 
applied magnetic field are compared with previous resixlts of NSLR of'H in the Iron(III) 
rings Fe6 and FelO (S=5/2). At room temperature common features are found in the spin 
dynamics while at low temperature, when correlation effects become important, 
important differences are observed in the different rings depending on the kind of 
coupling between magnetic spins (ferromagnetic or antiferromagnetic) and on the spin 
value S. 
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Introduction. 
The recent successes in synthesizing solid lattices of weakly coupled magnetic 
molecular building blocks have opened up the possibility of studying experimentally 
magnetism at the mesoscopic scale [1]. It is of particular interest to study molecules 
where strongly interacting spins are arranged in almost coplanar ring configurations, a 
situation which can be easily modeled theoretically [2]. 
Molecular clusters containing 6 and 10 Iron(III) spins (S=5/2) in an almost coplanar 
ring configuration have been recently investigated by magnetic susceptibility [3] and 
proton NMR [4]. We present here 'H NMR results in a new set of rings containing 6 and 
8 Copper ions respectively also in almost coplanar configuration. The Copper ions have S 
= ^ and thus these rings represent mesoscopic scale "quantum" spin rings. The 
comparison of the 'H NMR in the "quantum" Copper rings with the 'H NMR in Iron(IlI) 
(S = y) "classical" rings appears particularly interesting. The two new Cu rings 
investigated here are the cluster [(PhSi02)6Cu6(02SiPh)6l-6Et0H which will be denoted 
as Cu6 [5] and the cluster [Cu8(dmpz)8(OH)8] -ICeHsNO^ which will be denoted as Cu8 
[6]. In the Cu6 ring, the coupling between nearest neighbor Cu~^ spins is ferromagnetic 
(FM) with coupling constant jJl/ks = 60.5K and the ground state configuration is 
magnetic with, total spin S = 3 [5]. In the Cu8 ring, on the other hand, the coupling is 
antiferromagnetic (AM) with a large 1 J|/kB value (= 800K) and the ground state is a S = 0 
nonmagnetic singlet [7]. 
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Fig. 1 : Proton average nuclear spin-lattice relaxation rate (NSLR) vs. applied magnetic 
field at room temperature for the two "classical" [ron(III) rings (a) and for the two 
"quantum" Copper rings (b) and (c). The curves are the results of the fit to Eq.3 with the 
parameters in Table I. 
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Results and discussion 
The NMR measurements were performed on polycrystalline powder samples 
synthesized as described in refs. [5] and [6]. The proton nuclear spin-lattice relaxation 
rate (NSLR) Tf' was measured with a standard Fourier-transform pulse NMR 
spectrometer by monitoring the recovery of the nuclear magnetization following a short 
sequence of saturating radio frequency pulses [4,8]. The recovery was non exponential 
due to die presence of many inequivalent protons in the irradiated NMR line. The NSLR 
reported here was obtained from the initial decay of the magnetization. Tf^ is thus a 
weighted average over all protons [4]. 
The protons in the molecules are coupled to the Cu""^ spins via nuclear-electron 
dipolar interactions. The fluctuations of the Cu""^ spins generate a time-dependent 
hyperfine field at the proton site that induces nuclear spin-lattice relaxation. Thus, 
measurements of NSLR allow one to probe the spin dynamics of the spins in the ring. 
The general expression for the NSLR due to the coupling of the protons to the 
fluctuating Fe or Cu spins is [9.10]: 
^ A'(q)r (q)?(®.) + Z A'(q)^'Cq)^(IB,) (1) 
where =;'„Hand =7'eH are the Larmor frequencies of the proton and of the free 
electron respectively, g is the Lande factor, is the Bohr magneton, kg is the Boltzman 
constant, x(<l) is the generalized q-dependent spin susceptibility and fq(Q>) is the spectral 
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density of the collective spin fluctuations [9]. The coefficients A'^(q) and A^(q) are the 
Fourier transforms of the spherical components of the product of two dipole-interaction 
tensors [9] describing the hyperflne coupling of a given proton to the Cu magnetic 
moments. The symbols ± and z refer to the components of the Cu spins transverse and 
longitudinal with respect to the quantization direction that is here the external magnetic 
field. 
In the high temperature approximation Eq.l can be approximated as: 
T, (4;zg-//B) 
^A^(D-(Q;J + A'cD'(a>J (2) 
where cD''(Q>) = ^f^(G;) are the Fourier transforms of the auto-correlation functions 
q 
(CF) of the transverse (a = ±) and longitudinal (a = z) components respectively of the 
local Cu spin. The enhancement of Tf' at low fields is similar to what is observed in one 
dimensional paramagnetic chains where it results from the diffusive behavior at long time 
of the correlation function in ID Heisenberg systems [9]. In a finite size ring, one expects 
that the spin auto-correlation fimction (CF) has an initial fast decay with correlation 
frequency QC ^. followed by a much slower decay due to the cyclic boundary 
h 
conditions of the ring, terminating with a cut-off" frequency which depends on 
anisotropic terms in the spin hamiltonian [8,9^11]. Thus we write [8]: 
~ = 0) 
7; i4;cg'^g) 
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I ,= r, 1 /i" . ,/ I . I ^ 
•—/I  j h ^ j — 1 T+C (3) B+H-2 (a;; + r;) 2 lr„ T,. 
The experimental results about the dependence of the NSLR on the external magnetic 
field at room temperature in Fig. I were fitted by using the second part of Eq. 3) with H 
measured in Tesia and I/Ti in msec"' (see curves in Fig.l). For Fe6 we have not done a fit 
of the data due to the large experimental uncertainty. However, as can be seen in Fig.l(a) 
the data for Fe6 can be accounted for by the same theoretical curve which fits the FelO 
data. 
Since the exchange coupling J is much greater than the anisotropy, one expects rD» 
FA. Thus from the fitting parameters in Eq.3 we can estimate values for FA, .A."^ and 
from experiments with the assumption that A~ and A' are of the same order of 
magnitude. The estimated values are shown in Table I, together with the values of FD 
calculated from the spin diffusion model, i.e, F^ = + l)j~2 [8]. The calculated 
values of FD support the assumption FD» FA. The value of FA for FelO (Fe6) 
corresponds to hFA/lcB = 0.6 K, very close to the anisotropy energy deduced from Fe6 
susceptibility measurements [3]. The values of FA in Table I do not change appreciably 
for the different rings, indicating that the anisotropy is small for all the Heisenberg rings. 
Finally the values of the hyperfine coupling constants are of the correct order of structure 
data. In fact, A~ and A^ are products of two dipolar interaction tensor components and 
thus of order of r"^ where r is the distance between a proton and a Cu (Fe) electron spin 
[8]. We conclude that the main feature of the high-temperature spin dynamics is the 
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persistence at long times of tiie spin-spin correlation function due to the periodic 
boundary conditions in the ring. This feature seems to be common to all rings. 
The temperature dependence of the NSLR is a sensitive probe of correlation effects of 
the spins in the ring and/or the presence of the gap from the ground state to the first 
excited state due to the finite size of the spin system. Contrary to the high temperature 
case, the low temperature spin dynamics displays a variety of behaviors according to the 
type of ring. We present here preliminary results with a qualitative discussion. A 
complete study including NN'IR results will be published elsewhere [7]. 
The temperature dependence of the NSLR is shown in Fig.2. The temperature 
dependence of l/Ti for the "classical" AF ring Fe6 from ref. [4] is reported in Fig.2(c) for 
purposes of comparison. In comparing the data for the AF rings in Fig.2(b), 2(c) it is 
noted that in both cases the NSLR displays an exponential drop at low temperature due to 
the condensation of the system in its 8=0 non-magnetic ground state separated by a gap 
A/ICB from the first excited triplet state. For Fe6 the gap, derived from susceptibility 
measurements, is A/ks = 20 BC [3] while for Cu8- A/ke = 600 K. [7]. These values are 
consistent with the NSLR results although somewhat different values for the gap are 
derived from NSLR [4,7]. For Fe6 one observes an enhancement of l/Ti at low T which 
is not present in the susceptibility data (see FigJ2(c) and inset) and is thus arising from a 
slowing down of the spin fluctuations as the system becomes more correlated i.e. a 
decrease of To in Eq.3. For Cu8 it is not possible to say whether the enhancement of I/Ti 
is present since one should extend the measurement at higher temperature and the system 
decomposes at the temperature higher than room temperature. 
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Fig. 2 : Protott average NSLR vs. temperature a) for Cu6 ring : (®) 7 MHz ; (X) 60 
MHz. The inset shows the behavior of T x (emu/mole) from ref.[5]. b) for Cu8 ring : (B) 
7 MHz ; (X) 62 MHz. In the inset T % (emu/mole) from ref.[7]. c) for Fe6 ring: (B) 7 
MHz; (X) 60 MHz. In the inset Tx (emu/mole) from ref.[3]. 
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Another comparison can be made between the FM ring Cu6 and the AF ring Fe6 in 
Fig. 2(a), (c). In the temperature range 300-50 K the NSLR increases in the FM case and 
it decreases in the AF case, indicating that the spin dynamics are dominated by the 
behavior of the static response function Tx(q=0) in Eq.3. In both cases the NSLR has a 
u\ 
critical divergence for T approaching the short range "ordering" temperature — as 
shown in Fig.2. (For Cu6 60.5 K [5] while for Fe6 ^4= 28.8 K. [3,4]). Finally, 
KG KG 
although in both Fe6 and Cu6 the NSLR drops as T->0 due to the gap, in the case of the 
Cu6 FM ring there remains sizable nuclear relaxation due to the degeneracy of the 8=3 
ground state. A quantitative analysis of the low temperature nuclear relaxation should 
give information about the excitations in the 8=3 ground state. 
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Table I 
Ring To A- J/ke Tx(q=0)(T=300K) 
(10''rad/s) (10rad/s) (10^^ cm-^ (10"*' cm' (K) (emu/mole of 
(calc.) magnetic ion) 
FelO 533 7.5±1.5 5J±2 5±0.5 13.8 3.2±02 
(Fe6) (11.05) (28.6) (2.5±0.2) 
Cu6 6.86 8J±0.7 13±3 2±0.4 60.5 0.47±0.03 
Cu8 90.6 9.9±3 15±4 5.2±1 t 00
 
o
 
o
 
0.085±0.01 
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CHAPTER 4. THERMAL FLUCTUATIONS IN THE 
MAGNETIC GROUND STATE OF THE MOLECULAR 
CLUSTER M1112O12 ACETATE FROM ^SR AND PROTON 
NMR RELAXATION 
A paper published in Physical Review Letter 81,3773 (1998) 
A. Lascialfari, ZJ^. Jang, F. Borsa, P. Carretta and D. Gatteschi 
Abstract 
Measurements of spin-lattice relaxation rate are reported for muons and protons as a 
function of temperature for different values of the applied magnetic field in the MniiOiz 
molecular cluster. Strongly field dependent maxima in the relaxation rate vs. temperature 
are observed below 50K. The results are explained in terms of thermal fluctuations of the 
total magnetization of the cluster among the different orientations with respect to the 
anisotropy axis. The lifetimes of the different m components of the total spin, ST= 10, of 
the molecule are obtained from the experiment and shown to be consistent with the ones 
expected from a spin-phonon coupling mechanism. No clear evidence for macroscopic 
quantum tuimeling was observed in the field dependence of the proton relaxation rate at 
lowT. 
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Introduction 
Large magnetic molecules diat are the building blocks of solid crystal lattices are of 
interest for the study of magnetism at mesoscopic level [l^]. A system which has 
recently attracted much anention is the moiecuie [Mnj20,2(CH3C00)jg(H,0)J (in short 
MnI2) whose magnetic core is made up of a tetrahedron of Mn"*"^ ions, each with S=3/2, 
at the center and eight Mn^"^ tons with S=2 on the outside [3,4]. The clusters crystallize 
into a tetragonal lattice in which the orbital angular momentum is quenched by the crystal 
field and the intermolecular magnetic interactions are negligible. Thus the magnetic 
properties are largely determined by the intramolecular superexchange interactions J and 
by the strong single-ton axial am'sotropy (along the tetragonal z axis) due to residual spin-
orbit interactions [5]. The ground-state configuration, determined by the relative strength 
of the antiferromagnetic J coupling constants, has total spin S^=10 resulting firom the four 
inner Mn"*^ spins being parallel to each other (8^=6) and the other eight Mn^also parallel 
(S^=16) with the two groups anuparallel to each other. At low temperature (T<30K) the 
magnetic clusters are mostly in the S^=10 ground state [4] and the reorientation of the 
magnetization of the molecule determined by spin transition among the different m 
sublevels split by the axial anisotropy gives rise to spectacular superparamagnetic 
behavior [6,7]. At even lower temperature (T<5K) where the classical thermal 
fluctuations fireeze-out one still observes finite, although small, relaxation rates which 
have been attributed to macroscopic quantum tuimeling phenomena [8,9,10]. There are 
several theoretical models to evaluate the reorientation rate of the total magnetization of 
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the molecule at low T including the quantum tunneling [11,12,13]. One important issue is 
the interplay of thermal fluctuations and resonant tunneling in determining the average 
time T for the magnetization of the molecule to change orientation (m) against the 
anisotropy barrier [14]. The field and temperature dependences of the thermal lifetimes of 
the m levels are necessary for a quantitative estimate of T. 
NMR and {iSR are suitable microscopic probes to investigate the spin dynamics of 
the Mn ions in the cluster [15]. In particular, the fluctuations of orientation of the 
magnetization of the cluster generate fluctuations in the local hyperfine interaction at the 
nuclear (or muon) site which, in turn, become responsible for the nuclear (muon) spin-
lattice relaxation. In this Letter, we report a detailed investigation of the Spin-Lattice 
Relaxation (SLR) of both muons and protons in Mnl2 as a function of temperature and 
for different values of the applied external magnetic field H. The central result of this 
paper consists in the observation of maxima in the jiSR SLR vs T, maxima which 
decrease in amplitude and are displaced towards lower temperature upon increasing H. 
The observed behavior for ^SR is explained with a simple model which takes into 
account the random fluctuations of the total magnetization of the cluster in its S^=IO 
ground states among the different m sublevels. The same model explains the proton NMR 
SLR data vs. field at T= 4.2K and 3K. It is noted that the lifetimes of the different m 
levels obtained here are not easily determined firom EPR and/or neutron scattering. 
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Experimental result 
Polycrystalline samples of MnpOj2(CH3COO)fg(Bt,0)42CH3-COOH«4H,0 were 
prepared as described in ref. [4]. In NMR measurements the powders were cooled down 
to the lowest temperature in the highest magnetic field: in this way most of the particles 
end up oriented with the z-axis along the magnetic field. This statement is based on a 
systematic investigation of the alignment properties of the powder which shows that, for 
the fields used here the aligmnent is more than 90 % [4]. On the contrary, the low field |x 
SR experiments were performed on randomly oriented powders. In this case a majority of 
the crystallites are oriented approximately with the T. axis perpendicular to the magnetic 
field. The NMR spectrum broadens at low T as shown in Fig.l. The low T spectnmi can 
be resolved into two components (see inset of Fig.l). The main line A is unshifted while 
the second line has a shift that increases on lowering the temperature (see Fig.l). The 
shifted B line can be ascribed to the protons in the H2O molecules coupled by an isotropic 
hyperfine interaction to the Mn core. The main unshifted line originates firom protons that 
are coupled to Mn moments via dipolar interactions only that yield a broadening of the 
line but no net shift. The shift and the linewidth of both components have a temperature 
dependence which tracks the T-dependence of the magnetic susceptibility [15]. The shift 
of line B in Fig.l saturates at low T at about 3MHz independently of the applied field H 
indicating that the local hyperfine field has a fixed value corresponding to the 
spontaneous magnetization of the molecule in its S^=IO ground state. The recovery of the 
nuclear magnetization is not exponential due to the distribution of relaxation rates of the 
different protons in the MnI2 cluster. The SLR, TI*^ was obtained fi-om the initial part of 
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Fig. I - Proton NMR, shift of the line B ( B) and Ml width at half maximum of line A 
(O) and of line B (•) vs. temperature at 4.7 Tesla. The inset shows the proton NMR 
spectrum at 8 K and 4.7 Tesla. 
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the recovery thus yielding an average value [15]. Measurements performed by irradiating 
the two lines yield essentially the same result indicating that the different groups of 
protons are strongly coupled via the nuclear dipolar interaction. The ji^SR measurements 
were performed at ISIS pulsed muon facility (Rutherford Appleton Laboratory) on 
MUSR beam line. The spin-lattice relaxation rate A. was obtained from the stretched 
exponential decay {exp(-(Xt)^)} of the muon polarization which indicates the presence of 
a distribution of muon sites. Details about both NMR and ^SR methods of measurement 
and a critical discussion of the parameters measured have been reported in a previous 
publication [15]. 
A complete set of relaxation data for both NMR and jiSR are shown in Fig.2. Both 
NMR and j^SR relaxation show a similar enhancement at T<IOOK. The |iSR relaxation 
goes through a field dependent maximum at T< 50FC except that for the H=0 data. The 
NMR relaxation time at low frequency becomes so short below 50K that the signal is 
lost. It is measurable again at very low T (<5K) where Ti and T? become sufficiently 
long (see the NMR data at 4JZK and 3K. in Fig.2). Thus it can be inferred that a 
maximum similar to the one observed in (iSR is present. Another broad and structured 
maximum can be observed at relatively high temperature in the NMR high frequency 
data at 87 MHz and 200 MHz reported previously [15]. Since we are interested in the 
fluctuations of the magnetization in the ST = 10 ground state we consider here only the 
low T and low H data for both nSR and NMR. 
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Discussion 
We consider the Mnl2 cluster in its magnetic ground state characterized by 21 energy 
levels labeled by the magnetic quantum number m [14] which, neglecting small 
transverse fourth order terms can be expressed as: E„ = —Dm' - Bm* — Am cos 0, where 
the amsotropy parameters are D = 0.556K, B = LlxlO'^K, h = glXgH = 1.33H (K/Tesla) 
and 0 is the angle between the tetragonal z axis and the external magnetic field. Muon 
(nuclear) spin-lattice relaxation involves the exchange of the small quantum of Zeeman 
energy with the "lattice" and is thus possible only if a lifetime broadening of the 
magnetic molecular levels is present. In the fi^mework of the weak collision 
approximation [16] the above "scattering" process can be described in terms of the 
correlation function of the transverse component hi(t) of the time dependent transverse 
hyperfine field at the muon (nuclear) site. If Ah± is the hyperfine field change when the 
magnetization of the molecule changes orientation (i.e. Am = ±l transitions) and if we 
assume an exponential correlation function with correlation time Tm (corresponding to a 
Lorentzian broadening of the m sublevels) then we can write: 
where Z is the partition function. The lifetime can be expressed in terms of the spin-
phonon transition probabilities p^^^. tor a transition m -> m': 
{h^iOh^iO)) = X (A/i;)exp 
10 X ^ > 
'iO f 
( I )  
z 
I 
T, 
(2) 
m 
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where according to Villain et al. [5 J 1,17]: 
. and p„„, = forni>0 (3) 
er -1 l-e 
while for m<0 one has to replace m-I with m+1 in the first of eq.(3) and replace m+I 
with m-l in the second of eq.(3). 
In Eq.(3) the parameter C = -:^—^-j^\{niV\m±l)\, with u the phonon velocity, 
depends on the matrix element of the spin-phonon interaction. Thus we can write for the 
NSLR or (iSR relaxation [17] 
fc. 
t 1 J kV 
—(or A.) =-y"v f{/».(OAt(0))exp(/o)j,r)c/r = ^  (4) 
where jg ^jje nuclear (muon) gyromagnetic ratio and (0^ is the Larmor 
frequency. 
The experimental |xSR relaxation rates are compared, with the theoretical calculation 
(Eq.4) in Fig.3. The adjustable parameters are A and C which are chosen to yield a 
reasonable fit for all the curves in Figure 3: 
W A, ™ = 6x 10(rad-sec-) and C = T" ;= 0.9x 10^" (Hz/K^) 
2K^ pu^ 
An uncertainty of ±25% can be assigned to the values of the parameters A, C from a 
comparison of the theoretical curves with the experimental data for different values of the 
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Fig.3 - Muon relaxation rates vs. temperature for different applied magnetic fields. The 
curves are theoretical fits according to Eq.(4) with the choice of parameters discussed in 
the text. 
parameters. The value C=0.9xl0^ Hz/K^ falls in the range 10^ ~I0^ which is typical of 
simple magnetic ions [14,17]. Since the low-H, low-T maximum in the NMR SLR can 
not be measured due to short relaxation times (see Fig.2), we checked the validity of Eq. 
4 by measuring the NMR relaxation at T= 4.2K and T=3K as a fimction of external 
magnetic tieid (resonance frequency) as shown in Fig.4. Both sets of experimental data in 
Fig.4 can be fitted with Eq. 4 using the same C value used in the ^iSR fit (Fig.3) and 
^NMR~ (rad-sec"^). The value of 0.4xl0'^ (rad-sec'^) corresponds to a 
root-mean-square hyperfine field / 27t = IIO KHz which is of the 
correct order of magnitude, being a fraction of the inhomogeneous width of the NMR 
spectrum (see Fig.l). The ratio J _ J— — ^ f ^ = 3 5  i s  s u r p r i s i n g l y  h i g h ,  
V ^SMRYIi V < >SMR 
suggesting that the muon location in the Mnl2-acetate molecule is on an oxygen bridging 
the Mn ions and is thus subjected to a much larger hyperfine field than the protons. 
At the values of the field H corresponding to level crossings the macroscopic 
relaxation of the cluster magnetization was found [9] to speed-up as a result of increased 
macroscopic quantum tunneling. A decrease of the lifetime due to tunneling effects 
should give rise to an enhancement of the proton Tf' with respect to the value calculated 
from eq.(4) on the basis of thermal fluctuations alone. The deviation of Ti"' in Fig.(4) 
from the calculated curves could be due to tunneling since it occurs most prominently in 
the range of field values for which level crossings are expected. In fact from the formula 
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for the energy levels Em adopted here [14] the first order level crossings range firom H = 
0.58T for the m = -10 to m = 9 crossing to H = 0.43T for the m = -1 to m = 0 crossing. 
The second order crossings would be at twice those fields. 
Conclusion 
In conclusion the effects of fluctuations in thermal equilibrium of the orientation of 
the magnetization in Mnl2 molecule have been detected in both NMR and ^SR 
experiments. The lifetimes of each given orientation of the magnetization m, due to 
spin-phonon coupling [5,11,17], are derived from the experimental data. These values 
should be useful in describing the macroscopic relaxation time T of the magnetization in 
the firamework of a mixed quantum-thermal relaxation mechanism [14]. Only marginal 
evidence for macroscopic quantum tunneling could be seen in the nuclear relaxation data 
suggesting the need for specifically designed NMR or ^iSR experiments to study the 
phenomenon more quantitatively. 
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CHAPTER 5 CROSS RELAXATION OF PROTON NMR 
AT LEVEL CROSSING IN THE IRON (IH) MAGNETIC 
RING FelO 
A paper published in Physical Review Letters 83,227 (1999) 
MJi. Mien, Z.H. Jang, A. Lascialfari, F. Borsa, A. Comia, D. Gatteschi and M. Horvatic 
Abstract 
We report measurements of proton nuclear spin-lattice relaxation (NSLR) in the low 
temperature regime as a flmction of magnetic field (up to 15T) and as a flmction of 
temperature in the magnetic molecule [Feto(OCH3)2o(C2H202Cl)io] (FelO for short). The 
magnetic field dependence shows striking effects with a large enhancement of the proton 
NSLR at values of the field corresponding to the condition of crossing of the magnetic 
energy levels of the FelO molecules. We propose that this is due to the cross-relaxation 
effect between the nuclear Zeeman reservoir and the reservoir of the Zeeman levels of the 
molecular magnet. 
Introductioa 
The magnetic properties of metal ion clusters incorporated in large molecules have 
attracted considerable interest for the new physics involved and for the potential 
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applications [1,21. These molecular magnets are mesoscopic magnetic systems which can 
be synthesized in bulk quantities by chemical techniques and can be prepared in 
crystalline form whereby each molecule is an independent magnetic entity with 
negligible intermolecular magnetic interactions. The molecule 
[FetoCOCHsjioCCiHiOiCOioJ is an antiferromagnetic (AfM) molecular magnet with an 
ahnost perfectly coplanar ring configuration. The Fe ions have spin S=5/2 and are 
coupled by nearest neighbor antiferromagnetic exchange interaction estimated at 
J/kB=l3.9 K[3,4]. The ground state is a nonmagnetic singlet state of total spin S=0. The 
energies of the excited states are given approximately by Lande's rule; 
E(S)=y-S(S + l) (1) 
where S is the total spin value and P = 4J/N, with N = 10 the number of magnetic ions 
in the ring. Crystal-field anisotropy terms in the Hamiltonian lift partially the magnetic 
degeneracy of the S states [5]. (See Fig.l) 
The spin dynamics of these simple magnetic systems is of particular interest and 
measurements of nuclear spin-lattice relaxation rate, NSLR or Tf', afford a powerful tool 
to investigate the spin dynamics since the nuclei probe the fluctuation spectrum of the 
local field induced at the nuclear site by the hyperfine interaction with the localized 
magnetic moments. At temperatures higher than the exchange constant J/ke the Fe 10 is a 
model system for the antiferromagnetic classical ring. Measurements of proton NSLR in 
FelO have been reported [7,8] in the temperature range 4.2 K. < T < 300 K and have been 
interpreted [9,10] in terms of semiclassical models of spin dynamics involving 
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Fig. I: Energy-level scheme for FelO vs. magnetic field for the tower four manifolds (S = 
0 to 3). The zero-field splitting due to magnetic anisotropy is included only for the levels 
relevant for level-crossing effects. Dashed lines are ener©r levels for 0 = 90° (S=l case). 
All the other energy levels are for 9 = 0°. 
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the slowing down of the fluctuations due to the ordering effect of the AFM exchange 
coupling. At low temperature the spin dynamics are dominated by the condensation into 
the non-magnetic singlet ground state with a gap between the S = 0 and the S = I excited 
state given by P in Eq.I. The application of a sufficiendy strong external magnetic field 
can induce a magnetic ground state with interesting quantum level crossing effects on the 
spin dynamics. Finally the interplay of the crystal field anisotropy and of the am'sotropy 
which is induced by a variable extemal field can generate an interesting scenario at low 
temperatures in which turmeling dynamics of the Neel vector could occur [6]. In this 
paper we present new proton NSLR as a fimction of temperature in the range 1.2K < T < 
4.2K and as a fimction of applied magnetic field up to 15 Tesla. The most important 
result reported here is the observation of a dramatic enhancement of the proton NSLR 
when the applied magnetic field reaches the critical values for which the magnetic levels 
become degenerate (level crossing). Although broadening effects due to the use of a 
powder sample prevent yet a quantitative interpretation of the data, it is pointed out that 
the novel cross-relaxation effect reported here should afford a powerfiil method to 
investigate magnetic level repulsion if large enough single crystal becomes available. 
Experimental Results 
Powder samples of the [Feio(OCH3)2o(C2H202Cl)ioI molecule were utilized in the 
present work. The samples were synthesized as described elsewhere [3]. Proton NMR 
measurements were performed at Ames Laboratory - ISU with a 8JZT superconducting 
magnet and at Grenoble High Magnetic Field Laboratory with an Oxford 17T 
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superconducting variable-field magnet. The temperature was varied by immersing the 
sample in a liquid Helium bath with controlling partial pressure. The proton nuclear spin-
lattice relaxation rate (NSLR) Ti'' was measured with a home-built Fourier transform 
pulse NMR spectrometer by monitoring the recovery of the spin-echo amplitude 
following a short sequence of saturating radio Srequency pulses. Both 7t/2)o - 7c)o (Hahn 
echo) and 7t/2)o - Td2)<)Q (solid echo) sequences were used with similar results in both 
cases. The 7c/2 pulse length was between l|as and 10|is, depending on the type of 
spectrometer used and frequency range. The width of the proton NMR spectrum is both 
temperature and field dependent due to an inhomogeneous component [7]. The 
inhomogeneous broadening is due to the distribution of hyperfine field at the proton sites 
due to the dipolar interaction with Fe moments. At low field (H = 0.33T) the fiiU width at 
half maximum (FWHM) is about 25kHz at room temperature, it increases to a maximum 
of about 70kHz at about 30K and it decreases again at low temperature, reflecting the 
condensation of the FelO molecular states into the non-magnetic S = 0 ground state. In 
the temperature range investigated here (1.3K~4.2K), there is a residual field-dependent 
inhomogeneous broadening of the proton NMR line which is due to the Fe moments in 
the S = 1 excited triplet state. At 1.3FC the FWHM varies fix)m 25kHz at H=0.33T to 
1.7MHz at 14.65T. The recovery of the nuclear magnetization was found to be non-
exponential. For low magnetic fields (H<IT), the proton NMR line is sufficiently narrow 
to be completely saturated by the radio firequency pulses. In this case the non-exponential 
recovery is due to the distribution of relaxation rates for the different protons in the FelO 
and the initial recovery of the nuclear magnetization yields weighted average of the 
78 
different proton relaxation rates [7], At higli fields, the line becomes too broad to be 
completely saturated and thus the initial recovery is affected by spectral difRision effects. 
Therefore in order to measure a relaxation parameter consistently we chose to define Tt 
as the time at which the nuclear magnetization has recovered half of the equilibrium 
value. This procedure has the advantage that one can exclude the initial fast recovery of 
the magnetization due to spectral diffusion. The NSLR so obtained is given by a 
combination of the relaxation rates of the different protons in the FelO molecule, 
although the exact relation is not known. 
Results and Discussion 
The proton NSLR as a function of temperature is shown in Fig.2 for three low 
magnetic field values. The detailed field dependence at fixed temperature is also shown 
in the inset of FigJZ for fields up to 1.5T. At higher magnetic fields a different nuclear 
spin-lattice relaxation mechanism becomes activated. This is shown in Fig.3 where the 
proton NSLR is plotted vs. external field up to 15T. The relaxation mechanism 
responsible for the three dramatic peaks in Fig.3 is temperature independent (UK ~ 
4.2K) as demonstrated in Fig.4. 
The proton NSLR at low temperatures probes the spin dynamics of the molecular 
magnet in its low lying energy states. Thus a description of the magnetic level diagram 
for FelO is necessary in order to interpret the NSLR data. (See Fig. 4). For the triplet state 
the ener©^ levels are obtained &om the diagonalization of the Hamiltonian H = S-D-S + 
gjisB-S which yields the secxilar equation for energy E: 
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(P-|D,-E)(P + jD,-E)^-(P-|D,-E)gV;B-cos-0 
-(P + jD,  -E)gV;B's in-0 = O (2)  
where we have assumed a traceless anisotropic diagonal tensor (-l/3Dt, -l/3Dt, 2/3Di). 
Note that a non-zero trace of the anisotropic tensor would simply shift all the levels in the 
S=l manifold by the same amount. The values of the parameters P and Dt are obtained 
from susceptibility measurements [3] and from the more recent results of torque 
magnetometry [5]. There is some discrepancy between the low-field susceptibility 
measurements in powder samples [3] and the high-field magnetometry measurements in 
single crystals [5]. This is because the exact values of the parameters may be affected by 
the model adopted in the analysis of the data. We will adopt the values for the parameters 
fn)m most recent torque magnetometry results. The energies of the first excited states are 
given by Lande's rule (Eq.I) with P = 6.5 BC. The axial zero-field splitting parameter for 
the triplet state is Di =3.23 K. (zero-field energy difference between Ms = 0 and Ms = ±1 
in Fig.I). The axis perpendicular to the Pel0 ring plane is a hard axis (Di>0) . Thus the 
Ms = 0 level in Fig. 1 is shifted down to (-2/3)-Dt with respect to the S=1 energy level 
without anisotropy. 
The splitting of the degenerate magnetic levels of a given total-spin manifold S 
depends upon the relative angle 0 between the crystal-field axis and the magnetic field. 
The magnetic-field dependence of the sublevels of the triplet state is shown in Fig. 1 for 
the two limiting cases of the angle 0=0" and 0 = 90°. As can be seen, the critical field 
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for the first level crossing is strongly dependent upon the angle with a larger value for0 = 
0". 
The T and H dependence at low fields (H<1.5 Tesla)(Fig.2) can be understood in 
terms of a proton spin-lattice relaxation mechanism driven by the fluctuations of the 
hyperfine field due to the transitions between the magnetic sublevels in the S=1 triplet 
state with AMs= ±l[l l]. 
The T dependence of the NSLR at low fields is almost exponential (see Fig.2). This 
implies that the proton relaxation is dominated by the finite lifetime of the S=l excited 
state that generates fluctuations in the local hyperfine field at the proton site [11]. In this 
case the dominant term in the NSLR is simply proportional to the population of the S=1 
-1 
excited states : I/T, «(/Z where Z is the partition fimction and Em is the 
energy gap between the S=0 ground state and the m=Ms level of the S=l excited 
manifold (See Fig. 4). 
At high magnetic field an additional proton relaxation mechanism is activated. The 
peaks in the relaxation rate are centered around three critical-field values: 4.7T, 9.6T and 
14T respectively. These critical fields correspond very closely to the critical fields for 
which steps were observed in the magnetization as a result of spin-flip transitions 
occurring when magnetic energy levels become degenerate [34]-
The additional proton relaxation mechanism which gives rise to the strong 
enhancement peaked at the critical level-crossing fields appears to be almost temperature 
independent. The temperature independence of the high-field relaxation indicates that the 
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relaxation process is not driven by thermal excitations. Thus we propose that the peaks in 
NSLR are the result of a cross relaxation effect between the nuclear Zeeman levels and 
the magnetic molecular levels. It is emphasized that normally cross-relaxation is observed 
between two nuclear reservoirs [12] or between two electron reservoirs [13]. When the 
condition for level crossing is approached energy-conserving mutual spin flips can occur 
with a net transfer of spin temperature from the nuclear Zeeman reservoir to the 
electronic Zeeman reservoir of the magnetic molecules which are in turn strongly coupled 
to the "lattice". Strictly speaking the cross relaxation occurs only when the condition 
AY[^H = ^ Q)L = AE = gjigCH - HJ) is met. However, the broadening of both the NMR 
line and of the molecular energy levels can allow the energy conserving condition to be 
met over a wide field interval. Thus we fit the NSLR in Fig. 2 with a sum of Lorenzian 
fimctions of width Fa with a=lJ2,3 for the three level-crossing conditions: 
I r 
7  = IAJ f—^ -1  (3)  
The expression 3) fits the data reasonably well with choice of parameters: Ai = 
(1/3)A2 = (1/3)A3 = 47c-10'^ (rad/sec-) and Fi = (I/2)r2 = (l/2)r3 = 27t-lO'° (rad/sec) and 
critical fields Hci = 4.7T, Eto = 9.6T, Hc3 = 14T. The physical meaning of the coupling 
constant Aa is not clear without a quantitative theory for the cross-relaxation effect. The 
width rI (which is of the order of 0.36 Tesla when expressed in field imits) is too large to 
be an intrinsic width. It represents most likely the distribution of level-crossing fields 
due to the distribution of the angles between the magnetic field and the crystalline axis in 
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our powder sample. In fact, for example, the first level crossing can occur in fields 
varying from He = 4.33T for 0 = 90° up to EIc= 5.6T for 0=0° [5](see Eq.2 and Fig.4). 
Conclusion 
In summary we have presented an investigation of the proton NSLR at low 
temperature in the FeLO molecular magnetic ring. The NSLR at low fields is dominated 
by the thermal fluctuations of die molecule among the different orientations in the triplet 
excited state. At high enough magnetic fields we have reported a dramatic enhancement 
of the proton NSLR in correspondence to the critical fields for which the lowest lying 
molecular energy levels become almost degenerate. The effect can be explained by a 
cross relaxation effect whereby the nuclear Zeeman reservoir can transfer ener^ directly 
to the molecular levels. The cross-relaxation effects observed here should be very useful 
to analyze the detailed field dependence of the molecular magnetic energy levels in the 
vicinity of the level crossing conditions since when the levels become almost degenerate 
one expects modifications of the magnetic quantum eigenstates due to level repulsion 
effects [14]. However, a quantitative study can be done only in single crystal since in 
powder samples the critical field for level crossing is different for different crystal 
orientations, thus giving rise to a broadening of the cross relaxation peaks which masks 
the interesting information. 
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CHAPTER 6 MEASUREMENT OF THE RELAXATION 
RATE OF THE MAGNETIZATION IN MniiOu-ACETATE 
USING PROTON NMR ECHO 
A paper published in Physical Review Letter 81» 3773 (2000) 
Z.H. Jang, A. Lascialfari, F. Borsa, and D. Gatteschi 
Abstract 
A novel method to measure the relaxation rate W of the magnetization of MnI2-
acetate magnetic molecular cluster in its S = 10 ground state at low T based on the time 
dependence of the proton NMR echo signal is reported. A simple model is used to relate 
the intensity of the proton echo signal to the microscopic reversal of the magnetization of 
each individual MnI2 molecule as the system, initially prepared in ofP^quilibrium 
conditions, proceeds towards equilibriimi. The semi-quantitative analysis of the results 
indicates that the new method, which could be applied quite generally to other magnetic 
molecules, may be used to obtain information about the path followed by the 
magnetization in its reversal process over the anisotropy barrier. 
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Introductioa 
Recently the successes in synthesizing identical mesoscopic magnetic molecules 
forming solid crystal lattices has given a new impulse to the study of mesoscopic 
magnetism [1], Among the molecules is [Mni20i2(CH3C00)t6(H20)4] (in short Mnl2) 
[2,3] which has attracted much recent interest since the study of the relaxation of the 
macroscopic magnetization at low temperature has revealed deviations from classical 
superparamagnetic behavior [4,5], pronounced peaks of the relaxation rate as a function 
of applied magnetic field [6-8] and quantum steps in the hysteresis loop [9-11]. Mnl2 
in its magnetic ground state has a total high spin S=10 with splitting of the magnetic m 
sublevels by a large easy-axis anisotropy. An important issue regards the mechanism 
responsible for the reversal of the magnetization of the molecule at low T against the 
anisotropy barrier ( « 60 K.). The peaks of the relaxation rate vs. applied magnetic field 
and the quantum steps in the hysteresis loop occur when spin states become pairwise 
degenerate suggesting that resonant tunneling of the magnetization plays a role. The 
theoretical explanation of the experimental observations involves both thermal 
excitations and quantum resonant tmmeling transitions [12-20]. 
In this letter we present a novel method to measure the relaxation of the macroscopic 
magnetization based on a Nuclear Magnetic Resonance (NMR) experiment. In the course 
of our investigation of the spin dynamics in MnI2 by proton NMR and nuclear spin-
lattice relaxation we found a time dependence of the proton NMR echo intensity when 
the measinrement is done off equilibriimi i.e. during the recovery of the ^^112 
magnetization toward equilibrium. A detailed investigation of this phenomenon has led to 
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the interesting discovery that the time dependence of the NMR echo intensity is govemed 
by an exponential law whose time constant yields directly the relaxation time of the 
Mnl2 magnetization. We discuss a simple quantitative model based on the effect of the 
reversal of the magnetization of individual molecules on the local field at the nuclear site. 
Based on this model, which accounts for the experimental findings, and the fact that the 
spin echo evolution is of microscopic nature, we conjecture that the fractional change in 
time of the echo intensity contains information about the paths followed by the Mnl2 
molecular magnetization in the process of relaxation. 
Experimental results 
Proton pulse NMR experiments were performed with a Midcontinent NMR pulse 
Fourier transform (FT) spectrometer. The echo is generated with a nil - n pulse sequence 
at the resonance frequency corresponding to the center of the unshifted peak in the 
spectrum [21] and the echo intensity was monitored as a fimction of time. Typical idl 
pulse length was 3.5 ~ 4.5 ^is and delay T between Tdl pulse and n pulse was kept at 50 
pis except for the investigation of the T dependence of echo height time evolution. 
Polycrystalline samples of Mnl2 were prepared as described in Ref [3]. The powder 
sample was aligned with the anisotropy axis along the magnetic field by letting the 
sample sit at 4.2K in a field of ~l.8T for several hours (see the discussion of aligimient in 
Chapter 4). Then the field was turned off and the system was left in zero field to reach 
thermal eqtiilibrium (zero average magnetization) for about 2-3 hours. The temperature 
was then lowered slowly and the field was turned on in less than two minutes. The 
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peaks in the spectrum (see inset) which almost coincides with the Larmor frequency. 
Inset: time evolution of NMR spectrum at 2.5K and 0.46T (proton Larmor frequency = 
19.9MHz). 
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subsequent increase of the echo intensity with time was monitored continuously by 
averaging over 3, 7.5, 15 minutes time slots, depending on the relaxation time. A typical 
recovery curve is shown in Fig.I. All experimental curves could be fitted very well with 
the equation: 
h{t)=a'( \ -e' '")+b = {a+b)'{ \—^'e-"") ( I )  
a + b 
where W is the rate of growth of the echo intensity, (a+b) is the equilibrium intensity 
of echo signal, i.e.ft(oo), and a/(a+b) is the initial fractional reduction of the echo 
intensity. The origin in time is taken at the moment the magnetic field is turned on. For 
the case of very long relaxation times, only the initial 7~8 hours of echo intensity 
evolution and the final equilibrium value were measured. 
We made careful checks which could rule out the possibility that the observed 
changes of echo with time are due to instrumental effects (changes in resonance 
firequency of the coil, changes in Q factor of the coil, changes in amplification parameters 
of the receiver). Since the proton NMR spectrum is very broad at low T [21] we could 
irradiate uniformly only a part of it, namely about lOOkHz with the radio firequency (RF) 
intensity Hi used here. Thus one could argue that the time dependence of the echo 
intensity is a consequence of a change in the width of the spectrum. In order to rule out 
this possibility we measured the proton NMR spectrum at different times by plotting the 
echo area versus resonance firequency (inset of Fig.l). The echo area was normalized to 
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take into account changes of sensitivity of the spectrometer as a function of frequency. 
As one can see from the inset of Fig.l there is only a slight change in the width of the 
spectrum which falls into the uncertainty of the intensity normalization procedure. We 
conclude that the observed time dependence of the echo appears to be a true intensity 
change of the signal at constant width of the spectrum. Finally it is noted that the 
equilibrium proton spin-lattice relaxation time is about six orders of magnitude shorter 
than the time scale over which the effect on echo intensity is observed [21] and thus 
should play no role here. 
In a Hahn echo experiment one probes the irreversible dephasing of the transverse 
nuclear magnetization during the time interval t between the two radio frequency pulses 
[22]. If some nuclei are subjected to a change of average local field between the two time 
windows t, the first separating the Tdl pulse from the k pulse and the second separating 
the JT pulse from the echo signal, then those nuclei will not refocus at time 2T and will not 
contribute to the echo intensity. This circumstance has been used extensively, e.g., to 
measure diffusion in a magnetic field gradient [23] or more recently to study flux-line 
motion in superconductors [24]. Since our measurements are performed in a situation of 
non-equilibrium, the spin echo amplitude is affected by the changes of average local 
hyperfine field resulting from fluctuations of the Mn moments. The reduction of the echo 
intensity is maximum at off equilibrium, reflecting the large number of Mnl2 molecules 
whose magnetization changes average orientation, and it decreases as the final thermal 
equilibrium is reached. 
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Analysis and discussion 
We now describe a simple model which accounts for the experimental observations 
and which defines the physical meaning of the parameters in Eq.l. If we assxraie that the 
reduction of echo height is proportional to the number of spins which are influenced by 
the local field change we can express the echo height as: 
(2) 
where Np is the number of protons in a single Mnl2 molecule, Nm is total number of 
molecules, and (r) is the number of protons which undergo a change of average local 
field between the time interval separating the ii/2 - re pulses and the one separating the 
pulse and the echo. At low temperature Mnl2 occupies a magnetic ground state with total 
spin S=10 [3] whereby the manifold is split in zero field into 11 levels by crystal field 
amsotropy, and 10 of them are doubly degenerate. When the external magnetic field is 
applied along the anisotropy axis, as in our case, the system relaxes towards the 
magnetized state by a net flow of magnetization from one to the o±er of the two m = ±10 
states with a redistribution of the population in the intermediate excited states. We will 
make the simplifying assiraiption that during the relaxation process the ratio of the 
population between adjacent intermediate states is described by Boltzmann statistics with 
a single spin temperature different from the lattice temperature [25]. The common spin 
temperature should be easily maintained by the dipolar intermolecular interactions. With 
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the above assumption and since only the two low-lying states m = +10 and m = -10 have 
prominent populations we are justified to use two level system master equations: 
dN 
+ W N  
1 
dt ' " ' 
where W. is the average transition rate from m = -10 to m = +10, W+ is the average 
transition rate from m = +I0tom = -l0 and both transition rates depend on barrier height 
and are assumed to be time independent. By solving these master equations we get the 
number of transitions from m = +10 to m = -10 and vice versa per unit time interval 
around t. We can express these two quantities as magnetization currents: 
= PF iV.(f) and = respectively. The general expressions for the 
magnetization currents with initial conditions, N+(^0) = N.(t=0) = Nm/2 can be found 
easily. For the present purpose, it is sufficient to give the approximate solution obtained 
under the approximation W. » W,.. In fact, the ratio W^IW^ is determined by the 
detailed balance condition and is small for low T and high field. (The ratio is less than 
0.05 below 2.4fC with field larger than 0.25T.) Setting W-=W, one has; 
/.(0 = 0 
M (4) 
J_{t) = -:^^exp(-^r) 
Since Wr is very small (~10'"), a small fraction of molecules change orientation in 
the time interval x. Consequently, the probability for a given proton to experience local 
field changes due to a MnI2 spin flip in both first and second time interval T is negligible. 
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Thus, for the purpose of evaluating in Eq.2, we can calculate the number of spin 
flip in either interval independently and add them together. Then the expression for the 
fraction of total molecules, /'/'''(f), which change orientation in the time intervals T is 
found by integrating the magnetization current: 
When a molecular spin flips its orientation from m = -10 to m = +10, the protons of 
that molecule and of neighboring molecules experience a change of local field (see 
fiirther on for a quantitative discussion). We define M'f as the effective number of 
molecules whose protons are affected by the local field change due to a molecular spin 
flip. Then Eq.2 can be rewritten as: 
(t 00 ) with the effect of the nuclear spin-spin relaxation time Ti included. In obtaining 
Eq.6, we have assumed t»c and Wt«l since t= 50(as and W is small at low 
temperatures. 
By comparing Eqs.l and 6. we see that our simple model predicts that the rate of 
growth of the echo intensity vs. time is indeed the relaxation rate of the Mnl2 
magnetization. Our values of relaxation time Tr(=l/W) derived from Eq.l as a fimction of 
temperature at 0.45 Tesla are compared in Fig.2 with the results obtained in Mnl2 
(5) 
h(.l)=^ «p[- ^ j(l - ,vf P»(;)) = «iexp[- ^ ][l - (fre-"] (6) 
where is given by Eq.5. ^exp(-2T/7^) is the echo amplitude at equilibrium 
97 
15.0 
12.5 
10.0 
H 
s 
7.5 
2.5 
OJO 0.40 0.45 0.50 0.35 
1/T(K"') 
Fig. 2. Semi-log plot of the relaxation time of the magnetization of MnI2 at H = 0.45 T 
vs. the inverse of the temperature. (•): 'H NMR echo height evolution at H = 0.45T, 
(•): SQUID meastirements at H = 0.44T, [6]: (O): Specific heat measurements at H = 0 
[26]. The full line corresponds to the Arrhenius law x = lO*'^ exp(60/T). 
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from magnetizatiori [6] and specific heat [26] measurements. The NMR set of data shows 
little scatter and is in good agreement with the measurements obtained at approximately 
the same field H with the SQUID, confirming that we have a new alternative method to 
study the relaxation of magnetization in molecular clusters. Measurements of Tr were also 
performed as a function of applied magnetic field at T=2.4K. The results are shown in 
Fig.3. The behavior is consistent with the previously reponed magnetization results that 
indicated minima in the relaxation time at field values corresponding to magnetic level 
crossings [6]. The background relaxation due to thermal excitations over the barrier is 
well represented by an exponential law: T = TO exp(D-g|iBS-H/KBT) with g=2, S=IO, 
Tq = 10"^, zero-field barrier height D = 66K. (see Ml line in Fig.3) 
We turn now to the interpretation of the constants a, b in Eq.I. From the comparison 
of Eqs.l and 6, we find that the firactional echo amplitude change is = N'^Wx, 
where WT is the average number of molecules which have flipped completely in time x 
and is the effective number of molecules whose protons are affected by the local 
field change due to a molecular spin flip. As shown in Fig.4 the fractional echo-amplitude 
change has large fluctuations around a constant value independent of WT whereby the 
fluctuations seem to be due mostly to the field dependence of the fractional amplitude 
(see inset in Fig.4). The fact that the fractional change is on the average independent of 
WT implies that Nm'^is itself inversely proportional to WT. This can be understood as a 
saturation effect. In fact, as WT (i.e. the number of molecules flipping in the time interval 
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t) increases, adjacent flipping molecules superimpose their effect on the same protons in 
nearby molecules and the net effect is thus reduced. Next we give an estimate of non-
saturated value of i.e, Nm°. We use the criterion that the local field change at the 
proton site should be at least the same as the proton Ti*' (i.e. 4kHz in our case) in order to 
prevent the refocusing of the nuclear magnetization into the echo. Then for a reversal of 
the single Mnl2 molecular magnetization one can estimate the range over which the 
dipolar field changes by I Gauss. One finds Nm° = 3x10"^. This number is much smaller 
than the saturated value of Nn,'''^(= 1/Pf^t), which is deduced from the 
experimental results. This is due to the fact that, in the temperature range investigated, 
the complete reversal of the magnetization of a single molecule (from m = +10 to m = -
10) is a process which involves a large number of thermal fluctuations between 
intermediate levels with Am = ±1. If one considers all the possible intermediate 
transitions then the average number of molecules affected in the process of a complete 
reversal. Nm°, can be estimated to be in the range 10'~~10'^ depending on T and H 
values. Thus, Nm° should depend on the path followed by the molecular magnetization in 
its reversal. The field dependence of a/(a+b) plotted in the inset of Fig.4 with two broad 
maxima in correspondence to the level-crossing fields (0.45T and 0.9T) may indeed be 
due to a dependence of Nm° on the mechanism for the reversal of the magnetization of the 
molecules. In order to obtain quantitative information about Nm'' one should investigate 
single crystals of molecular magnets at a temperature where the number of molecules 
flipping orientation in time T (i.e.Wt) is sufficiently small that the echo amplitude change 
becomes proportional to WT itself (non-saturation regime). 
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Conclusion 
In conclusion, we have shown that the NMR echo intensity in Mnl2 is a function of 
time during the process of evolution of the total magnetization towards equilibrium. We 
have analyzed the phenomenon with the aid of a simple model and we have established 
that the experimental measurement of the echo vs. time allows a direct measure of the 
relaxation rate of the magnetization. Since the measurement is a microscopic one, we also 
find that there is qualitative information that could be obtained regarding the paths 
followed by the MnI2 magnetization in its reversal. In order to develop this second 
aspect more quantitatively one needs a much more detailed theoretical model and 
measurements in single crystal at temperatures below 2K. 
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CHAPTER 7 PROTON NMR AND SUSCEPTIBILITY 
MEASUREMENTS ON THE MAGNETIC CORE OF 
FERRITIN 
A paper accepted for the publication by Journal of Magnetic Resonance 
Z.H. Jang, B J. Suh, A. Lasciaifan. R. Sessolt, and F. Borsa 
Abstract 
An investigation of the magnetic core of the biomolecule ferritin by means of proton 
NMR and relaxation, magnetic susceptibility and scanning electron microscope (SEM) 
measurements has been done. SEM images show that the outer protein shell is taken out 
completely and indicate particle sizes ranging from 10^ to 10"* nm. Susceptibility 
measurements show a maximum in the zero-field-cooled data which is strongly field 
dependent and can be ascribed to superparamagnetic behavior whereby the hysterisis 
curve is different from normal ferritin. Proton NMR and spin-lattice relaxation data as a 
function of temperature at 4.7T suggest the presence of an antiferromagnetic transition 
around lOOK. 
106 
Introduction 
Ferritin is a biomolecule of interest for the problem of iron storage in living organism. 
It is commonly reported [1, 2, 10, II] that ferritin becomes antiferromagnetic (AF) 
although the evidence is largely indirect and the Neel temperature reported varies widely 
in the range 50K < TN < 240K. Moreover, for T < 30iC, magnetization measurements [3] 
give evidence of superparamagnetic relaxation and of spin freezing of the total magnetic 
moment associated with the uncompensated spins at the boundary of the cluster of iron 
ions. Recently the interest in the magnetic behavior of ferritin has been revived by the 
confirmation [4, 5] of an early report [6] of the occurrence of macroscopic quantum 
coherence phenomena at low temperature. The main purpose of the present paper is to 
investigate the spin-dynamics of the Fe^"^ magnetic moments in the ferritin core by means 
of proton NMR and relaxation measurements. Since the naturally occuring ferritin 
biomolecule contains the largest number of protons in the outer protein shell and thus not 
coupled to the iron ions in the core, one has to strip the protein shell in order to use the 
NMR of the protons inside the core to probe the magnetic behavior of the Fe^"^ ions. We 
used susceptibility and SEM measurements to characterize the sample that has a 
macroscopic behavior somewhat different from the natural ferritin as will be shown 
below. 
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Sample preparation and experiments 
Naturally occuring horse spleen ferritin was purchased from Sigma Chemicals Inc. 
and treated with 2M solution of NaOH to isolate the mineral core from its outer protein 
shell. The sample was dialyzed extensively with distilled water to get rid of Na+ and Cl-
ions in the water. The aliquots were then dried at room temperature and the dried sample 
was ground to make the powder used in the measurements. 
Scanning Electron Microscope (SEM) images were taken with a Jeol JXA 840A with 
a potential of 20 kV and a current of 20 nA. The working distance was 39 times the beam 
dimension of 3-5 micron. Complete removal of the outer protein shell (apoferritin) was 
evident from SEM images and nominal particle size ranged from 102 to 104 nm which is 
much bigger than the naturally occuring ferritin coreC~70A). SEM images show irregular 
shapes of the particles which are comprised of aggregations of broken cores. This is 
contrasted to the regular spherical shape of naturally occuring matured ferritin core with 
nominal diameter of 70A. 
Magnetization measurements have been made both with a Quantum Design SQUID 
MPMS-XL7 and with a Metronique IngeniOTe MS03 SQUID Magnetometer. In Fig. U 
zero-field cooling (ZFC) and field-cooling(FC) data of susceptibility at 150 Gauss and 
4.7T are shown. Since there is no generally accepted structural model of the ferritin 
core[13]» the magnetic-susceptibility data are given per unit mass of measured sample. 
ZFC data at 150 Gauss show a maximum at 75K which would indicate a blocking 
temperature of 75K. i.e» much higher than the value of 13K which was reported before at 
108 
i.6xi(r 
1.4*10^ 
IJxIff* 
'SD 
LOxlOr* 
s 8.0x10 
S.OxIff' 
4.0xlff' 
2.0x10' 
0.0 
i | i i i i | i i i i | i i i i [ i i i i | i i i i | i i i i | i i  
O 4.7T,zfc 
X 4.7T, fc 
-
• l50G,zfc 
I o tSOG»rc I 
•••••• 
1.0x10" 
8.0x10 
6.0x10 
5 fi 
4.0x10"' dQ. 
2.0x10 
0.0 
SO 100 ISO 200 250 
T emperature(K) 
300 
Fig.l : Magnetic susceptibility plotted vs. temperature at two different values of tiie 
magnetic field i.e. 150 Gauss and 4.7 Tesia. Both the zero field cooled and field cooled 
curves are shown. 
109 
similar fields for ferritin [6,7]. We attribute the difference to the aggregation of the 
particles into large clusters as manifested in the SEM images of our sample. In fact the 
superparamagnetic relaxation time of magnetic particles is given by an Arrhenius law, 
T = Toexp(^/r). which yields a blocking temperature which, for the same 
measurement technique, is proportional to the particle size [9]. In the same figure, 4.7T 
ZFC data gives a blocking temperature of 8K. This field dependent blocking temperature 
is common for superparamagnetic particles and, for ferritin, this effect has been reported 
before [4,8]. 
Although it has been reported befbre[I3] that the ferritin iron cores remain intact 
when the protein shell is removed, one should be aware that treatment with NaOH during 
the removal of the protein shell may introduce modifications of the chemical and/or 
structural composition of the ferritin core and thus may be in fact responsible for the 
different magnetic behavior observed here with respect to ferritin. 
Proton NMR was performed as a function of temperature with a Mid-Continent fully 
digitized pulse FFT spectrometer at 4.7T fix>m 220fC down to 4.2K. For the 
measurements of the spectra, Ti and Ti, Hahn's spin echo (90° - 180° sequence) was used 
extensively. Typical 7t/2 pulse length was in the range of 4.5 - 6 jis. 
Spectra were measured by Fourier transforming half of the Hahn echo at high 
temperature when the EIF magnetic-field strength Hi is bigger than the width of the NMR 
spectrum. At low temperatures, the spectrum becomes wider than the spectral width of 
the RF pulse and the NMR line was mapped by plotting echo height as a fimction of 
firequency. At aE temperatures, spectra can be analyzed with two components whereby 
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which we have an evidence tor an antiferromagnetic transition. The inset shows the 
temperature dependence of the proton full width at half maximum (FWHM). 
I l l  
we attribute one of them to the protons of water that contaminates the sample. Some 
typical spectra are shown in Fig.2 with temperatiure dependence of the FWHM plotted in 
the inset. Both from the T-dependence of the overall linewidth and from the inspection of 
the four spectra in Fig.2, one can see that a rather sudden change in the proton NMR line 
occurs at a temperature around lOOK. It appears that the change is due to the onset of a 
shift of the line which can be attributed to the protons inside the ferritin core while the 
protons of the contamination water remains unshifted. Spin-lattice relaxation rates 
(NSLR) were measured by monitoring the recovery of the nuclear magnetization 
following a short sequence of saturating radio frequency pulses. The recovery of the 
nuclear magnetization follows always a stretched exponential of the form 
(^exp^-(-^)^j) with p = 0.5. (see inset of Fig.3) The relaxation time Ti* varies when 
measured at different points of the NMR spectrum as shown in Fig.3. The value of Tt* is 
shorter when the measurement is done at a shifted position with respect to the central 
Larmor frequency. This is consistent with the notion that protons shifted are coupled 
more strongly to the Fe^"^ moments and thus relax faster. The recovery of the nuclear 
magnetization at the central part of the NMR spectrum shows two components. We 
attribute the long Ti* component (Ti*~lOOs) to be due to contamination water which 
contributes only to the central part of the line. Since the two Ti* values are very different, 
we could easily separate out the spurious component due to water impurity. The 
temperature dependence of the NSLR is shown in Fig.4 where the data refers to a 
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Fig. 3 : Proton NMR spectrum at T = 5.3K (right-hand vertical axis). We plot on the left-
hand vertical axis the values of the relaxation time at the corresponding position in the 
spectrum. The inset shows the recovery of the nuclear magnetization for different values 
of the irradiation radio frequency. 
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Fig. 4 : The proton relaxation rate plotted vs. temperature in ferritin core. The full line 
corresponds to the power law (Tt*)"' ccT^. The inset shows the contribution to the NSLR 
obtained by subtracting off the value corresponding to the full line from the raw data. 
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resonance frequency of 199 MHz at 4.7T, which corresponds to a shifted position in the 
NMR spectrum. 
Discussion 
The relevant result of the present investigation is represented by the maximum in the 
NSLR observed at a temperature of about lOOK (see Fig.4). One can easily rule out the 
possibility that the maximum in (Ti*)"' is due to the molecular motion of the H2O 
molecules in the ferritin core. In fact, both the size of the NSLR at the position of the 
maximum and the temperature at which the maximum occurs are totally incompatible 
with the maxima observed in hydrated crystals and identified as being due to the 
molecular motion of H2O moIecules[l5]. Thus it is argued that the peak is a clear 
indication of the occurrence of an antiferromagnetic transition. Similar peaks in the 
NSLR are observed in magnetic materials in the vicinity of the magnetic ordering and 
they are due to the enhancement and slowing down of the fluctuations of the coupled 
magnetic moments [12]. Also the behavior of the NMR spectrum around lOOK. discussed 
above is indicative of a magnetic phase transition. Our conclusion is supported by studies 
of magnetic ordering in Fe(ni) hydroxide (ferrihydrite) compounds which have 
similarities with the chemical structure of the ferritin core [13,14,16]. For those 
compounds Neel temperatures close to the one measured here have been reported namely 
TN = 85K [16] and TN ~ lOOK [17]. One question which remains open is whether the 
NSLR measurements can give information about the superparamagnetic behavior at low 
T. One could argue that the NSLR on the antiferromagnetic phase should drop rapidly 
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with temperature[18]. We adopt a (T|*)"' ocT^ power law just below the maximum to 
show that the experimental data in Fig,4 seem to decrease much too slowly. If one plots 
the experimental data after subtracting the background contribution obtained by 
extrapolating a power law behavior one obtains the results shown in the inset of Fig.4. 
The anomalous low T behavior of the NSLR could indeed be related to the freezing of the 
magnetization of the territin core associated with the unpaired spins. 
Conclusion 
In conclusion, we have shown in this preliminary study that proton NMR and 
relaxation in the ferritin core can yield valuable information about the magnetic ordering 
and spin dynamics. We could determine the antiferromagnetic transition temperature 
TN« IOOK. More experiments are needed to investigate the critical behavior of the NSLR 
around the ordering temperature and the effect of the superparamagnetic fluctuations and 
quantum turmeling. 
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CHAPTER 8. GENERAL CONCLUSION 
The NMR investigation presented here is the first microscopic study of the magnetic 
properties of molecular nanomagnets. A variety of interesting effects have been 
uncovered- Many of these effects need further theoretical and experimental study to be 
fully understood. The studies in this dissertation can be summarized shortly as following. 
Room temperature field dependence of NSLR gives clear evidence of a very slow 
decay of the spin correlation function and this feature is common to all the molecular 
nanomagnets since it is a direct consequence of the finite size of the system. The effect 
can be seen in the high-temperature regime where the strength of the exchange 
interaction J is smaller than ksT and thus the magnetic moments in the nanomagnet are 
weakly correlated (see chapter 2 and 3). 
As the temperature is lowered there are two other regimes of interests; J - keT and 
ksT < J. In the temperature regime near J ~ ksT. the peak of the NSLR as a function of 
temperature is observed in almost all the molecular nanomagnets. (Cu8 is an exception 
because the condition J ~ ksT can not be reached due to the large value of J) The peak of 
the NSLR at T ~ J/ke can be explained qualitatively as due to the critical slowing down 
of the local spin fluctuations as the spins of the nanomagnet approach maximum thermal 
occupation into the ground state configuration. The effect is similar to what can be 
observed in macroscopic magnetic systems near a phase transition. These observations 
are reported in Chapter 2 and 3. A quantitative theory of the critical slowing down in 
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nanomagnets can help understanding dynamical scaling laws widely used in macroscopic 
systems to describe the slowing down eSecL 
The low temperature regime where keT < J is where a variety of interesting effects 
are observed in molecular nanomagnets. In this regime, each nanomagnet shows its own 
specific features like quantum tunneling of magnetic moment (Mnl2, Fe8), microscopic 
observation of frustrated spin configurations(V6), cross relaxation between electronic 
Zeeman level and nuclear Zeeman levels in the vicinity of electronic level crossing(FelO, 
Fe6). Since the usual strength of the exchange interaction J among ions is smaller than 
lOOK, these effects are observable in the ground state configuration of the molecules in 
the liquid-He temperature regime. Thus most of the important research on the molecular 
nanomagnets should be done in this low-temperature regime. In chapter 4, the life-time 
broadening of magnetic levels in the ground state manifold of Mnl2 is reported for the 
first time. The cross relaxation effect between electronic Zeeman reservoir and nuclear 
Zeeman reservoir was described in chapter 6 and the effect can be used for the detection 
of timneling of magnetic moments in Mnl2 and Fe8. Chapter 7 was dedicated to the 
subject of quantum tunneling of magnetization in Mnl2. This most interesting effect in 
molecular nanomagnets has been widely studied by conventional magnetization 
measurements. In this thesis, the first observation of macroscopic quantirai tunneling of 
magnetization with NMR was reported. The echo height evolution technique is novel and 
can be applied to other cases of appropriate magnetic phenomena. 
In the present thesis, the focus of the study was on the fimdamental static and 
dynamic magnetic properties of nanomagnets as ideal model systems. There are also 
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interesting potential applications which will likely determine future studies of 
nanomagnets. For example, in order to use nanomagnets as magnetic memory bits, one 
should try to increase the anisotropy by keeping the exchange constant large. This could 
be done by designing nanomagnets with both rare-earth magnetic ions and transition 
metal ions. Also the research on the mechanism of quantum turmeling of magnetization is 
important for physics itself and is also needed to make a molecular magnetic memory 
since the tunneling of magnetization should be avoided in magnetic memory. Also 
bistable spin state of some molecular nanomagnets may work as a easy realization of 
qubits of quantum computation. One other future smdy can be on magneto-optic effects 
in molecular nanomagnets which can be interesting for the display applications. Another 
interesting topic will be the study on the magneto-mechnical effects in the molecular 
nanomagnets. The magneto-mechanical effects could open a new era in micro electro­
mechanical system(MEMS) which has wide possible applications. 
From the fundamental point of view, future developments could come from the 
controlled synthesis of nanomagnets with increasing number of spins so as to smdy the 
evolution from microscopic to macroscopic. Finally, since it has been shown that in some 
cases the weak interactions among nanomagnets in a crystal can be important, the 
magnetic properties of crystals containing interacting nanomagnets could also be 
interesting to study. 
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